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ABSTRACT 


This report summarizes the major features of logic, assumptions, 
structure, and functioning of an ecosystem simulation model affectionately 
called "SAGE" (Sagebrush And Grass Ecosystem). The SAGE simulation model 
addresses a generalized sagebrush--grass grazingland ecosystem type typical of 
those in the western U.S.A. Work to date on this model has concentrated on 
two main problem areas--ecosystem conceptualization and computer coding of the 
model. Parameterization and testing of the model has begun. 


The report describes the ecosystem which is modelled, the conceptual 
framework for the model, specific functional relationships used in the 
submodels, and technical aspects of the simulation methodology. The ecosystem 


was conceptualized using the state-variable approach. Inclusivity was brought 
into the model formulation so that flexibility was maintained. Three basic 
submodels were chosen for simulation: abiotic, plant, and animal. The level 


of resolution of the model was chosen so that multiple units of land could be 
simulated for periods of several to many years. 


System function was methodically defined by developing a master list of 
variables and flows, structuring a generalized system flow diagram, 
constructing a flow-effects matrix, and conceptualizing interactive spatial 
units through spatial matrices. The process of developing individual 
mathematical functions representing the flow of matter and energy through the 
various system variables in different submodels is discussed. 


The system model diagram identifies 9 subsystems which separately account 
for flow of soil temperatures, soil water, herbaceous plant biomass, shrubby 
plant biomass, tree cover, litter biomass, shrub numbers, animal biomass, and 
animal numbers. 


A nomenclature system is developed for the driving variables, state 
variables, flows, intermediate variables, and parameters in the model. These 
terms are characterized in a standard algebraic notation and in PASCAL 
computer code, and are defined by reference and measurement units. The 
flow-effects matrix illustrates for each individual flow the various factors 
which are used in the calculation. The individual flow equations for the 
model are then specified algebraically and discussed in the text. 


The model, coded in the computer language PASCAL, now operates on a CDC 


CYBER 172 computer. The model is generalizeable and canonical so that it can 
be expanded, if required, by disaggregating some of the system state variables 
and allowing for multiple ecological response units. This model, in effect, 


integrates information on climate, ecology, and management. 


The overall model output is illustrated with time-series graphs and with 
tabular summaries for the mean, maximum and minimum value, time of maximum and 
minimum value, and standard deviation of driving variables, state variables, 
and flows. 








DEDI CAT !ON 


This report is dedicated to the memory of George M. Van Dyne whose 
untimely death just prior to the completion of this project left a large 
vacuum. We have finished this work with the hope that it would have met his 
high standards. 








ACKNOWLE DGEMENTS 


This report is the result of a combined effort by many members of the 
Systems Ecology Group, Range Science Department, Colorado State University. 
Some of the largest contributions were made by persons not mentioned on the 
title page. So, to these people, we extend our deepest thanks and acknowledge 
the high quality of their work. 


Denese Dunkin, 


Jane Love and 
Shelagh Cobb 


Norman R. French, 


Stephany Hicks, 


Robert Hollingsworth, 


Paul Kortopates, 


Michelle Mueggler, 
Susan Cheever, 

Diane Knappenberger, 
Judy Harrington, 
Beth Featherstone, 
Mark Lanier, 


who has helped oversee the development of this 
project from the start and keeps us mindful of 
deadlines. 


who have painstakingly corrected countless 
revisions of the report and probably know it 
better thang we, do. 


who helped on preliminary stages of the animal 
submodel. 


who has also seen many revisions and whose 
hand has turned our scribbles 
figures and tables. 


steady 
into very good 


who has programmed some of the computer graphics 
useds ingwtheawniepordy. 

who conceptualized much of the soil moisture 
submodel. 


who helped in nearly all phases of the project, 
from library searches to computer program editing, 
and still maintained a happy outlook. 


Finally, we would like to thank the people at the BLM who have worked 
with us over the more than four years since the idea began, particularly 
Floyd Kinsinger, Alan Strobel, and Oscar Anderson. 


























TABLE OF CONTENTS 


Page 

ABS TIRAC Vie sscustccatet leretstete tee SE PeT Laon OPER CT CRESTS SUT TE eLat Srehs aQuiece wy el eit ere aes Sle en ve wTe sew 4 ij 
DED LCATHGN "sfc crcccccee-ar ot acets ckepece elaeleteneistal sas relete ee @eceielsnersiselecereversisneiscscaie.e @ iene © «8 iii 
ACKNOWLEDGEMENTS. s'<.c:c-0 00 aie ccs 0 5 05 0 918 ky oda prays Saas Oh iain aed eR ah ae rs ere gee iv 
TABUBSOF SCONTENTS- 2.) 0c.c ets bie ere on cene 9 ere @ alors ler ele ie eis eter’ 6.6 810 eNovers oyu cieisiece¢ © 10, 6.¥1 6 7b /«.8 V 
WiSd Crew ABLE Suisse sterenest Bee toe beet re ater 6 UTTEAETTETaT ST are) s oneiere! ers’ eo -b-00s Vera soe mune 616,82 vii 
LAST OR rFIGURES ae tie are ate dest ae orecssoisinvetere a sie tee isi stele s eisiesre seus ais) Wea eae 8 6's 6.6 8) ix 
1. INTRODUCTION TO THE SAGE MODEL .ccccce en ccccccereccsrenssseccrevecsecs 1 
Wied) OG CGat LV Siletete ars ee ersoauts aie ete ce were tena tar sere See) Sieh erase a: shore bys cstere eri ts sue! Ste 1 

Wed, Strate Sy, cocs cle wisie cic gene epnierers Spar et ecse Ri ae ee 2 

2. SAGEBRUSH-GRASSLAND SIMULATION ...---eeee Die buh co sis ielaacacste te ayertirienel are ene @ a 
2.1 Ecosystem Description sereeecrcccecessccessscccrersrsesersecers i 

D cleo] |. OLE due cus se renere: ease etersiarens erations ek ei one Deetae esate te ese es ore ne ebel eet eleleeiae 3 

Delon) eet: Ut uners a ckensnerets) =as tate suscelsess Sist shetetots ee ee tesenet one oreratens. 42% eee ae 5 

Pree) AG Sine ko aa rere BEC TTC cial para taretaraaetetstersle jes etre sia teta tsetse are 3 

2.1.4 Management .oseeceeccccsseevcos Bee Tetetasel sis 6 oe aikiaa so Soae tale istene: rere 4 

2.2 Conceptualization of the Ecosystem -eceeeeeeseeeereeerecesecees 4 
2.2.1 General Conceptual ization woreeeeeeeeesseeveeesrecessees 4 

2.2.1.1 Abiotic conceptual ization «eee ee eeeereecveves 7 

2.2.1.2 Plant conceptual ization woceeerereesssesseececs 7 

2.2.1.3 Animal conceptual ization wee eeceesererececees 8 

3. ~ SAGEGRASS MODEL STRUCTURE 220 coe ccc cw tre cc were ccs r sone sassesseesces 9 
3.1 System State Variables w.eseeeeee Sire tseetate es cie cie aie one shaloneter eqs -tyenecsrs. ere 9 

3.2 System PrOCesSS€S wsevssesscasasccvvesssessssscrersveseressesces 9 

3.3 Estimation of Parameters .--eeee- Crebalateteieiere s7s euene <I stets Siovaerats-atste sa 9 

3.4 Ecological Response Units ....-. Re chro erates) aaelane rai vental eis eens: sue co iatare: -s eZ 
3.4.1 Abiotic Components cuocecceresecerercessressessssecsceses 12 

3.4.2 Floral Components cececreccrccecccccscesssereseccecccess 13 

3.4.3 Faunal Components covcesecvcvccececccsessererscsceserces 13 

3.5 System Flow Diagrams ..-eeee- esheets reherel ciscaveyvate shn,ieus wets ertern ster avetatogete.s 15 

3.6 Process Effects Matrix «ccccccevcesscasecceesvescrsecesssseerces Le 

3.7 Spatial Configuration «e.ceeeeeseeeees WOE Acts ere cieder shale 4 ous ete te sce 4.6 als Wi 

3.8 Temporal Description .scceereecceeccerssssvcccscccercsssssrcens 19 

3.9 Nomenclature Master List cccceeeseescccreeccecceresrersrercens 19 

4. SAGEGRASS MODEL FUNCTION ...ceeecececcces MPT As tall ocarel heres a 6 sie ened a 9Re. e are 30 
A.1 Driving VariabD les 25665 tics clnsis weet pew e esse sis necccesecricessess 30 
A.i.d “Base Climatic Pattern se. rca cca c este news e ve wseniss we 30 

4.1.2 Elevation Adjustments croeceesersesccrccvcessrrssscerccecs a1 

ASD Ab iO CEC LER OGEGSSEiSa re vie cle ce o sieit. cis be csisis #6 0 00.9.5 016, 01650. 6 ¢ sist es 6 #0: as 32 
AL2.t. Soul Pemp-en a CU 6m wis) sri RPT tats’ ateke eta iiatels Gc¥ © a 658 sic 16. v.66 68 a2 

ADO ISO eMOILS £ UNG ate ere ale ie chee gre. ais "ee. ens & ¢ sie (91 owe sis b bie 6 816, 0.8 6 6 6.58 34 

ALF Biotic. PROCESSES suse cntedic 6 cee is cise Ciel wicle ens wt ove Ce ewes sce einsea ss 51 
Ao3 Stee Terrest (ia iwe Od bh aP iO CESS OSE ale a cps sinie a6 .e 800: 0h o16 se 6 8:8 ores 51 

4235441 “Variable Timesteps® ~The Active Days Concept .. 52 

ASSc tele “COVED and, LGa ti Amar alc ccs 10 2st. 6 0.9 0.6 0.0. 014% 9 ¢/9.0'8 wim 52 

4.3.1.3 Germination and Extinction weeeeeeeeesrerveeeees 53 








Aerie [ie Gene VEST OUC CLV eiea el tates, ol Be, ao) so 00s) ¥70 4 605s 6/6. 4lelas a )¢ «0 5.60% 54 

AS lis D me LTcC Omir OCR SSC Si ae 4 sletc a eie. 6 0 sie Seis nsw ere © s)00¥,6 ¥ 6 00 2 54 

4.3.1.6 Herbaceous and Shrub Biomass Processes: ..s.ecene ENE, 

os shee CtShHUbMROpU hathomtiPmocess eS Bits. Nees as te Bee eles He 64 

AT SH2IGIDELENEPROCESSESMe cS ee Se ee hss ¢ PO ar iio Ce ne 66 

4A-3.3 Terrestrial Fauna Processes wcscccesacvsesesecccecsvcrecs 66 

Ames S.t Btomas SER TOCES SES) Cems secre 6 oe Sie tae se ne ee 67 

Asad sepa ODUhatlOnEREOCeSSeS gas cence s sPallieh ete eater el ey ahaa <i 6 9.6 73 

4.4 Resource Management and Development ...esereecceceeeeceercececs 78 

AGAmiMeO | SCTOLERE VGN US Sits. S51 outa heel eisiarc0 6:0 PEN Aye al og eaxaieke 4: 6.6 78 

Wee ae PCOMELITUOUSTIAVEN LS cure cietes esse a ass 6 ¢ o Sherelese Store sders ere Seaerey Fi) 

MODEL” IMPLEMENTATION AND EVALUATION 2. cc cee sec c cece ese wc cere ceneses 80 

5.1 Study Site Description and Model Set-up ..ceeeeescecesceeeveecs 80 

Sele te eRUeDe Limitat fON: ices ssuere «se oe etitalete c,eiateletvie ¢ cterers vicleuestolsiere 81 

S12 ani nitialeCond pttons |i. 88. See. 3 AN he Re LNs entitle: clare where ee ae 87 

Scie oe Driving Variable RECords. secs ccce Fe cece ese ee cee cece e se 93 

5.2. sSimulationsDynamics oom. lisa. re oi. SMM. He Be aeias « SPM eis larsnsae) stevers 98 

See eWOUNOer ENA CUD a beCONGLELVONS oc. 6.6 « 0-0:e a 60 eels ese cies v0 60 m8 5h wnee 98 

S.o) Analysis of Model Per formance: 2. .0.s<8s Suet acca ouawe rarer nate a @teneiel ote storel dt2 

5.3.1 %*ModelvVertificationt.s... aioe ela wie she ¢ Pe ree cd a ok oe ee 12 

5.se2edevaluationsof Models. ..«..«<« SULeM oe Rue we aia eS Wicks! Wale wl stapelal ea; 6 125 

SOs EVal dation’ ofssAGEGRASS tae ai) 6 «0's ace cavalo eleveiei aces e nie eres Salat ss eae 

5.3.3.1 Domain and Range of Abiotic Components ........ 132 

5 23322) eDomain and Range.of .Flora.Submodel ......ssccees 132 

5.3.3.3 Domain and Range of Fauna Submodel .....-. cia Ta 

5.3.3.4 Domain and Range of SAGEGRASS, Summary .....-..- 134 

CONCLUS IONS AND GENERAL DISCUSSIONS .....22eee, eh le eke wise, el ae ers 135 

6-1) Databliimitat tonis Teast. oe. Wc ci ettuetale, $1001. whe asatars Sa eieretaae ate AERO RD 135 

Gere iOC Ce meeiin ist a U1 ONS) Vem 615 cise ecche cs leiee sie ee 6 66 Sie eushons’ nies aks Sie) stele aoeh ae Hath a cate 

6.3 Research Needs cecceseeves OPE De ee Cree Sa Mle a ts Sl tie. BPs dies aie ecole 6 6 a ec 136 

6.4 Strategies of Model Usage woveceseseeserreerccrccsecvens aes, eee oc 139 
6.5 Some Specific Recommendations Regarding Model Development and 

SAGEM ee tie Oh eo S wtclcie oy co sis.cd siete eee Pao POEs Ess Pas 3 SSR Ss ccete acy cs | 140 

ISL ERA TURES GILEDS s cnslc cles 5-5 <0» «8 e014 MeeMeIn ae eg eine. sceterehainie oust ee eels kieetnele rie. 8 141 

APPEND IM te Ph abameber, Lab VieS 9s cists wc wees cls wove bo 66 o 4.80 0.00 ¢ Kale 40.4 ese 148 

APPENDIX I! -— SAGEGRASS Software and Data Files .......-- Sig stusals. ois sate 201 


vi 


Table 
Table 


Table 
Table 
Table 
Table 


Table 
Table 
Table 


Table 


Table 
Table 
Table 


Table 
Table 
Table 
Table 
Table 
Tables 
Table 
Table 


Table 


3.1 


3.2 


5.1 


Died 


See! 


SAE 


es. 


5.3d 


5.4 


5-5 


S26 


sat 


5.8 


8.2 


8.3 


8.4a 


8.4b 


S.4C 


8.4d 


8.4e 


8.4f 


LIST OF TABLES 


A process—effects matrix showing the items that are used 


in 


calculating each flow in the different subsystems ..--eeeeees 


A summary of terms used in the numerically implemented 


model eocoecvevevevceeeeveeeeeeeeeeeer eee we ee ew eee ee wee ee eee wee ee ee eee 


Range site acreages for the Garat «cesses seeeeeeeevcsecees 
ERU descriptions for the Garat eevee cccereeecccecreeesecs 
Plant community composition for range site loamy 10-13" . 
Plant conmunity composition for range site loamy 7-10" .. 


Plant community composition for range site shallow 
claypan 2 Ou! eecoeoecevvecVeveeveeveee82e2e20202020207802080880888280828078080808808 8 FF FFF FFF 


Plant community composition for range site semi-wet 
meadow (riparian) eeecovovoeveeveve7e2e7e02820282828280808080807082827808088080880288080880808080808 8080 @ 


Statistical summary for climatic driving variables used 
for simulations eoeoeouoeevseev2e?e202@2#02@2@028088080280808878 88 P88 FF FFF Fee 


knithalsconditionsurOnh. Ss WNUbaBhON! «ec wns < cece ees ete eceess 


Statisit.icalasummaryaofyusimulatton results.for plant. state 


variables, without fauna eeoeevevee27e7e7e2ee82 8 @e eee ee ee eeeeveeeeee @ 


Statistical summary of simulation results for plant 
state variables, with fauna ecoeoeoec5uvoeeveeeeepeeeseeeeweeeeeeeeee @ 


Statistical summary of simulation results for fauna 
State variables and ProcesSsSeS cesses eessevscececceeessees 


Parameter values for driving variables w.sseeseceeeeeeves 
Parameter values for soil temperature submodel .....--ee. 
Parameter values for soil water submodel .eceeeececseeees 
Parameter values for Juniperus osteosperma «-eeeeeeeeeees 
Parameter values for Pinus edulis wcceccecesvrerseccccvecs 
Parameter values for Agropyron Spe seeeeeeeeeserevrereeces 
Parameter values for Bromus teECtOruM ceeeeeeresereeeeeees 


Parameter values for Artemisia tridentata ...-cccecccosees 


Parameter values for fOrDS ceeeeeeseseesvceracereereresesens 


Page 


10 


20 
82 
86 
89 


90 


91 


22 


94 


101 


106 


aD 16m OreiD Par ame petmeV 2 tie sme tortie (Lite Ce rameoaat ate a cavele aia’ cities alone etter ateiele soa ce ete sn 162 


abies 8. Fae Par anet era values ott Onieheu cab! OMa.s Sie SUbIMOG elias cts uteie sy ete cass eres 163 
LabVecss Ober Paranietetauva lucse TOTeMmUlem Otel dle be sate sists ¢ ott tte s ere ale eo wcece 6 166 
lable 8. 6cu Parameter values for jackrabb itediet. ....4 Gieyetelsdchs cel steals s+ 6: 168 
HAD CuGeO dmeeratane Cele vdite sa hot esinia i le MianyMaiee ie. Ual eis slater emeestets atclarele o.6 ete oe 170 
Table 8.6¢ PagmaMe LET Values hOte COY O UemU le Uist ssc te cl steleles cusisls efeie sis « sis sete 171 
TOD. CuGeO tent auametone v au Ue Sint O.reu COW a Cinert mtciste cate etc ie usisis st eledsteNer ere ciehs Seriry Aare lev ts 
TapVe 6.602 ) Parameter Values .10l sO\ShObM sale tries os css 6 pater oh ver crstel tasietenciel si Neds) 
TAG Ker .iiae —havametverc Values fOre iG bende 6farno DULid CHOI) ot siecle ofcvere etree «lene ene hod 
ao Vems ty Denra tame te rary a lilesuat 0 taco UO lw a lemeDO D Ulead thOllmrc es teccists ct. ore cbs eectstet a « 179 
able ws a Culbatcame Cefpey.a | UCse LO kmC iii DMlin KeeDOMl ied Ui lOtmesiers oi seicretoteete te: senate te « 181 
aDker 6.7 dsParame tera at Ues fOr COVO Ces OODUN at hillensciststs ss ersisais! © s)otele seca ore 183 
id O hemos) Cal AtiaMe Cel nV al Wie Ser LOl a COW WOOD lcd U1 (een es (eis ets croleleterel a si eie eis 4160816. 6 185 
fap Memo wt meal ameceraval WeSmLOneD LS HNOrM e0ODU iia U1 Olly lalcrs¢ ¢ cere eke nats «ete a es os). 1 87 
Tableass8 Son AeSChipClonsn | Orme pds UU eS. Vit nGalicd ti slates ao cpiclsis elevsreiee lelere's 189 
ia Dem le Le OANGE GRAS SC Odea Thy Gaiildila e Ciel telsis 0 6) s) sis, cicrel sie oe see ee ore eicisierarsterers 202 
Tab lem its 2 5 SAGEGRASS input ti le managements... ... San cadeaas shu oon Amp. PASE 
La Dem Gis SAGE ORAS MOU PUtmr th tienina Made emOll lle uss) cle starevels ters a\'etel cc tie ie) sles stole res 206 
Tabt erik 4- sSAGEGRASS analysis progranseris We. Manas ment +4 s\ 6 0 0s ls\ sessile « 207 
Table 11.5 SAGEGRASS analysis input-output file management .......2ccee 208 


viil 


Figure 


Figure 


Figure 
Figure 
Pacuire 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Chas 


4.5 


4.10 


4.11 


4.12 


LIST-OF +r TGURES 
Forrester flow diagram for the soil heat and soil water 
submodels escecevoeveve7et2e ce eevee eewreeeeeeeeeeeeeeeeeeeeeeeeeee ee 


Forrester flow diagram for tree, litter, shrub, and 
herbaceous submodels eeoeeoeoevseeseeeeseseeseeeeeteeeeeeeeteeeeeeeee @ 


Forrester flow diagram for fauna submodel ..ceeeeeercvees 


Spatial relationships between E.~R.U.'S wcseeccereeeceveece 


Model structure for inter—township water flow .....+eee-- 


Major pathways of heat entering or exiting the surface 


soil layer ececeaovoecevoeveve7e2e2e20200702807808202802078088088 FFF FFF FFF FFF eee eee ee 


Effects of soil components upon heat conduction through 


the SO eceoeveceeveevseeeeeeeeee eee eee wee wee eee eww ee eee em eC em em eee 


(a) Snow melt as a function of ambient temperature, 


Page 


14 


ie 


16 


18 


29 


33 


Si) 


(b) water evaporation as a function of soil moisture content, 


(c) depth of snow cover as a function of precipitation ... 


Rainfall intercepted by litter cover at three rain 


intensities eeoeeveveveveeveveeeeee ee eee ee ewe eee ww ee eww ee em eee eh eee 


Rainfall intercepted by forb cover at three rain inten- 


sities ecooeeveeveve2e2e7e2 0202088 Cee ee ec ewe eee eee wee wee ee reese eee eee eo 


Rainfall intercepted by grass cover at three rain inten- 


sities eseeveevoeveevnes eevee eeeeeweee eee seeeweweeseeewe ewe ee eee em mC ml em eh ele 


Rainfall intercepted by shrub cover at three rain inten- 


sities eceoeoevoeveve2eeeeeeveeeeeeeeeeeeeeeeeeeeeeeeeeee*e eee ee ee @ 


Rainfall’ intercepted” by treé cover ‘at -threé*rain inten= 


sities eecesnoevovoevcecevoeveeveveeveeeeeeerseeeeeeeeeeeeeeeeeee eee ee eee eee @ 


Matric potential as a function of volumetric water 
content for threetsorletypes Foi. see ccs ede eee c acca ds 


Matric potential as a function of volumetric water 
CONTENTeTOre ENP ee SO TI tVP eS tects ce cals ele s sre ose sie eo wisic ce oo a 6 


Effect of flora cover on infiltration rate and hydraulic 


conductivity as a function of volumetric water content for 


six soil types eeoeeveeeeeeeeeeeeeeeeewrweee ee wee ee ee em em emUl rhc rm ml em em eee 


Maximum infiltration rates as a function of volumetric 
water content for six soil types at three soil 


thicknesses esceeoeevev2e7e8e eee eeeeeeeeeeeeeeeeeeeeeeee eee eee eee ee @ 


oui 


37 


37 


38 


38 


38 


40 


41 


42 


45 


Figure 


Figure 
Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 
Pigure 
Figure 
Figure 
Figure 
Pireure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 


Figure 


Figure 


Figure 


4.13 


4.14 
4.15 


4.16 


4.17 


4.18 


4.19 


4.20 


4.21 
Ae? 
4.23 
4.24 
4.25 
4.26 
4.27 
428 
4.29 


4.30 


[1.1 


Photosynthesis as a function of soil water and tempera— 


ture eocoeovoeevoeveveeveeeeeeeeeew eee eee eee ewe eee ee 


Effect of competing leaf area on net daily photosynthesis 


Daily respiration as a function of translocation rate .--.. 


Eftect. of sda thy, maximum air temperature on the rate of 


total translocation eeneneeese7W4eeenveneveeveaeovneseenesene 8 @ 


Effect of water potential for the wettest zone con— 
taining roots on the rate of total translocation 


Nominal germination rate as a function of water potential 
in the top soil layer ©. 0 6 6. 0..6 0 © 6 © 6 6: 6).6 6 © 6 ©. 0 6 © 0 6 6 6 © 6 6 ¢ ¢ 8 © 8 6 6 6 6 


Effect of daily maximum air temperature on shrub 


germination 0. bo. 6 610 18.0) 016) O) 16) 0); OS) CONS 66> 01 61.6) 61:8) 01.0 011 50: '@ "CO, (0/010) © OTe 19 STO Oe 16 


Shrub germination multiplier as a function of competing 


shade O10) 8 © e.6 oO © 6 6 6.6 8 © 6 0 6 6 6 6 0: e\'0 0 @ 6 © 6 © © @ 6-0 6:4 0 0 '8 


Basal metabolism energy requirement ...--. 


Thermal metabolism energy requirement ..---- 


Thermal metabolism energy requirement .... 
Activity metabolism energy requirement ... 
Animal growth rate ceeseeevecreveccercrerens 
Population proportion Shift -eereeceeseees 
Population proportion Shift ...ceeeeeseece 


Habitat Condition Index for snow cover ..-. 


Habitat Condition Index for ambient temperature 


Habitat Condition Index for ambient temperature 


Average daily solar radiation in Oregon .-... 


eoeoeoeoeeee 


eoeoeee @ 


eeooeveee 


eeeeo30eee@ 


eoeoeosee ee eee @ 


eoeeeeee 


Climatic driving variables used for prototype simulation 


Example time series dynamics of plant state variables .--. 


Example time series dynamics of fauna biomass state 
Variables and PrOoCeESSe€S seuceesncevecsceseersssveecvrecses 


Fauna submodel state variables for mature females 
10-year, PEAS Pd Ui) run ei) 6.2) 6.6 S 108 e- eo). 6) 6 bi 8) 070.6 JO.e B26 6 8) OC 878" ee © (07 e 0,8 


for 


Flow of control diagram 6 @) @..8. 6 6 8 6 6'6) ©. 0 0S @. 6 6 6 0 0) 2 6 # © B O10 6.6 610 6:0 6 © 


56 


56 


56 


62 


62 


65 


65 


65 


63 


68 


68 


68 


70 


ee 


ie 


TZ 


de 


76 


fe 


96 


102 


107 


121 


210 


1. INTRODUCTION 


The present paper is the final report on an ecological modelling 
activity. Work began on this project in fall 1978 with an initial review of 
literature of sagebrush--grass grazinglands in general and specifically 
summarizing simulation and optimization models. Both of these activities were 
reported (Van Dyne and Loehle 1979). The second progress report discussed 
initial modelling efforts in FORTRAN (Loehle and Van Dyne 1979). That early 
model was reworked in PASCAL and the abiotic section, previously taken from 
ELM (Cole 1976), was completely redone in a more efficient, consistent, and 
well documented manner. The third progress report presented an indexed 
bibliography on sagebrush--grass grazingland ecosystems containing information 
used in simulation model development (Loehle and Van Dyne 1979). The last 
progress report (Loehle, Jump, and Van Dyne 1980) summarized the status of 
model development. 


This final report is self-contained and describes the modelling strategy, 
model structure and function, and implementation of the model on the Garat, a 
BLM allotment in SW Idaho. 


1-1 Objectives 


SAGEGRASS is a simulation model of the sagebrush--grass ecosystem. The 
objective of the model is to address the behavior of the ecosystem from the 
point of view of managers of large-scale grazing units. BLM personnel must 
manage large multiple-pasture allotments and districts. Because of low 
productivity, management is usually extensive rather than intensive. This 
extensive mangement nevertheless may completely alter the vegetation by the 
use of grazing, fire, fertilizer, or herbicides. 


The above management activities are the type which SAGEGRASS is designed 
to simulate. Climatic variation, plant growth, animal grazing and reproduc— 
tion, and management activities were factors to be addressed by SAGEGRASS. 
The model eventually must not only predict seasonal changes within a year but 
also changes occurring over any two decades. 


All models are abstractions of reality. An abstraction such as a 
simulation model involves emphasizing certain aspects of ecosystem function, 
aggregating certain variables, and ignoring certain aspects of the ecosystem 
completely. Often this process proceeds based on the modeler's background or 
preference. In the case of the SAGE model, the degree of resolution, facets 
of the ecosystem emphasized, and management situations to be simulated were 
chosen to meet specific BLM--oriented objectives. The primary objective was 
to model the grazing situation, taking seasonal phenomena and species of 
grazing animal into account. When attempting to model an entire ecosystem, 
some constraint is needed on the modelling effort to prevent infinite 
complexity from being incorporated into the model. A goal was chosen of 
approximately 20% of the running time of ELM (Cole 1976), a very thorough and 
realistic grassland ecosystem model. The level of model complexity dictated 
by this execution time was felt to be the best trade-off between realism and a 
running time sufficiently low to allow the simulation of multiple pasture 
grazing systems. 


In order to make the model usable, another necessary objective is to make 
the data needed to run the model. reasonable. For example, the detailed data 
needed for initializing a soil nitrogen submodel is not generally available to 
the BLM. The data needs for the model are, thus, being manipulated so that 


all information needed should be available to BLM personnel. Thus, all 
information should be obtainable from the scientific literature, BLM or USGS 
maps, standard soil survey data, BLM vegetation inventories, and National 


Weather Service data files. Inputs of wildlife numbers may require estimated 
inputs from BLM staff. 


1.2 Strategy 


The model was structured using a state variable approach, although this 
was not strictly maintained at all times. The mathematical model consists of 
a series of linear and non-linear difference equations, plus logical 
relations. The system was structured according to abiotic, plant, and animal 
submodels, and is illustrated in the modified Forrester flow diagrams of 
Section 3.5. 


The modelling strategy was to use PASCAL for the modelling language to 
implement a flow-oriented nonlinear difference equation simulation model. 
The PASCAL program includes the abiotic, plant, and animal components of the 
ecosystem. An extensive data structure was developed for handling data and 
managing program variables. Special discrete time events were implemented to 
mimic management activities. 


Parsimony was applied at all stages of the top-down approach used to 
define the system. For the plant and animal components of the system, 
ecological theories about niches, life strategies, food webs, and trophic 
levels were used to guide the modelling process. 


2. SAGEBRUSH--GRASSLAND SIMULATION 


ya | Ecosystem Description 


The following section describes a general sagebrush--grass grazingland 
ecosystem and the general approach used in modelling it. The specific 
ecosystem serving as a test case for the model is described in Section 5. 


Zettel (Elora 


Sagebrush is a component of many ecosystems in the western United States. 
The ecosystem addressed by SAGEGRASS is the Artemesia tridentata-—Agropyron 
Spicatum type. Other dominant plant species include Agropyron smithii, 
Chrysothamnus viscidiflorus, and Bromus tectorum. The area is generally 
dominated by open bunchgrass (or annuals on degraded range) with scattered to 
dense shrubs. Rainfall is generally low and sporadic, both seasonally and 
yearly. Vegetation growth is correspondingly sporadic. The type is found on 
most soil types in the proper climatic zone except on saline soils. Sagebrush 
has increased historically due to overgrazing and fire suppression. 


A detailed literature review of the sagebrush--grass ecosystem would be 
extremely long and redundant since general ecological studies and reviews 
exist in abundance (Brown 1971, Christensen and Welsh 1963, Nielsen and 
Hinckley 1975, Saver and Uresk 1976, Vass and Lang 1938). Many major studies 
have also been done on management activities in this and related ecotypes 
(Blaisdell 1949, Cook 1971, Cook 1967, Frischknecht and Harris 1968, Hedrick 
et al. 1966, Hedrick et al. 1964, Hyder and Sneva 1963, Robertson 1947). 


2a «2 shauna 


Major grazing species include cattle, sheep, pronghorn antelope, mule 
deer, feral horses and burros, and small! mammals. Grasshoppers may be 
significant consumers of herbage and occasionally produce outbreak popula-— 
tions. Management practices for domestic stock include selection of grazing 
season, grazing intensity, animal distribution, and species of animal. 


- For the general treatment of animal ecology and energetics undertaken by 
this model, a detailed review of the fauna of the sagebrush-—grass ecosystem 
is not necessary. 


2.1.3 Climate 


Most of the sagebrush zone has a dry continental climate with cold 
winters. Winter precipitation (mostly snow) is important for plant growth. 
Day to night temperature differences are large. A more detailed treatment is 
given. in Section 5 for the test area. 


2.1.4 Management 


To be useful to a land management agency, a simulation model should be 
able to mimic important management activities. The activities which may be 
addressed by the model include fire, herbicide application, plowing and 
seeding, tree harvest, fertilization, hunting, introducing wildlife, and 
adding, removing, and moving livestock. These activities are set up as 
discrete time events, described in Section 4.4. 


Dae Conceptualization of the Ecosystem 


In the following sections the general conceptual framework of the model 
is laid out. 


2.2.1 General Conceptualization 


Framework Formulation. Abstracting and averaging the qualities of an 
ecosystem provides a uniform set of environmental conditions. But the large 
number of species present in an ecosystem is largely due to the variation in 
conditions from place to place, plus some diversity due to chance establish-— 
ment, or chance effects on differential survival (Grime 1979). When all soil 
types are averaged or a particular type is chosen for modelling, and one 
Square meter is modelled, the whole of which has the same soil and same 
climate, competitive exclusion indicates that only those plant species can be 
modelled which are able to partition a resource other than soil types. 
Vertical stratification of species with various degrees of shade tolerance for 
example, is not difficult to model and allows coexistence of several species. 
Such stratification may come into play in the sagebrush system in very dense 
stands. Seasonal differences in phenology are frequently important also 
(Grime 1979), and allow resource partitioning. The number of species which 
actually coexist in this way will generally only be a small percentage of the 
total number of species. 


It is of course possible to force many species into a model by using an 
approach such as a Lotka-Volterra type sytem of equations. It is not 
difficult to define coefficients giving stable competitive interactions. Such 
an approach, by its success in allowing a kind of representation of many 
species systems, distracts attention from the real problem of modelling the 
system mechanistically. 


If the above analysis is correct, then the "average square meter" 
approach to terrestrial ecosystem modelling is unable to handle questions 
related to diversity and is of dubious validity if many species are modelled 
simultaneously. Yet, few papers can be found containing caveats about the 
number of species which may be modelled. 


A number of approaches may resolve this problem. These include 
predicting the presence or behaviour of minor species based on simulations of 
dominants, developing spatial models, modelling only selected portions of the 
ecosystem, and modelling only the most important species or aggregating 
species together. | 
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Modelling large numbers of microsites ina very detailed or mechanisic 
way is beyond current computer storage and computation limits. It seems 
likely, however, that computers will continue to get bigger and faster. 
Prospects for vast increases in speed that are useful for simulation work are 
good due to the development of systems such as the ETH multiprocessor which, 
in contrast to previous multiprocessors, can handle highly nonlinear ODE 
systems with discontinuities, using power—-series expansions (the Lie method) 
(Halin et al. 1980). If costs come down enough, then models with many 
interacting spatial units may become feasible. If a model is built with small 
patches differing in soil and microclimate, major conceptual problems must be 
overcome regarding spatial interrelations. Seed dispersal between patches, 
animal movement, intertwining of roots and branches. etc., would require some 
very complex data structures and algorithms for successful simulation. Given 
the time and money, it is likely that a large number of species could be 
modelled in a mechanistic way. 


When project objectives call for information about minor species, it may 
be possible to avoid modelling a large series of microsites. For example, if 
major trees and shrubs in the forest are already being modelled explicitly, 
field studies might be able to establish moss and lichen abundance as simple 
functions of tree trunk surface area and total shade. Then lichen abundance 
can be a dependent variable predicted from variables being simulated. 


lf it is necessary to obtain information about rare or minor species 
without necessarily modelling the entire system, it may be possible to 
accomplish this by modelling a portion of the ecosystem. For example, tree 
lichens are sensitive to air pollution and can serve as an early indicator of 
biotic impacts. If we wish to model lichens as an indicator and do not really 
care about the total lichen biomass over some region, we can model lichens as 
a separate subsystem. Tree trunks provide the substrata and are assumed fixed 
in numbers and character during the simulation. The lichen microclimate is 
simulated based on weather data and forest microc! imate relationships to 
macroclimate. Lichen physiology is simulated. The model is then used to test 
various levels of air pollution dispersed geographically from various 
combinations of point sources using a grid of simulated lichen colonies. In 
this way a map of potential impacts is produced before factories are built. 


For resource management purposes it is often sufficient to know the 
behavior of a few dominant species or species groups, such as grasses, forbs, 
and shrubs. If a few species make up the vast majority of the site production 
and biomass and their niche partitioning is such that they can be modelled as 
occurring on the "average square meter", then simulation model design can 
proceed. Otherwise some form of aggregation of species is required. 


In contrast to taxonomy where species are grouped by race, species, 
genus, etc., there is, at present, no general hierarchical classification 
scheme based on the species niche, functional group, adaptive strategy, or any 
other conceptual framework. Even if such a scheme existed, however, different 
simulation models would emphasize different aspects of the system, requiring 
unique approaches to aggregation. Unfortunately there is also no general 
technique for aggregating species together even in a mechanical, statistical 
way. In the absence of a theoretical framework, there are too many physical 
and physiological attributes by which species may be grouped for there to be 
any unique result. 


For some very simple representations of systems, well defined conditions 
exist under which aggregation is possible. For example, in populations in 
which age structure is important, if a stable age distribution exists, then 
the cohorts can be aggregated together into a total population with a single 
growth rate parameter. Certain classes of simple models exist in which two 
species may be aggregated together if their rate parameters are similar 
enough. Simple systems of linear differential equations are an example of 
this. Most models do not fall into the above classes. Cole and O'del| (1979) 
show that for a one trophic level system modelled with linear differential 
equations, errors due to different kinds of aggregation of species may be 
characterized. However, no conclusions could be drawn concerning aggregation 
in non-linear models. 


It is possible, given a particular model, to define somewhat arbitrary 
statistical criteria for aggregation. This is done via a kind of sensitivity 
analysis. Monte Carlo simulations of a major species are performed with model 
parameters for each run being chosen at random from the Statistical 
distributions which represent the 95% confidence intervals (say) associated 
with each parameter. Any information on parameter covariance should of course 
be used. These model runs provide an estimate of the overall confidence 
limits on model performance. If a second species has seasonal dynamics that 
fall sufficiently within the confidence bounds of the first, in some 
statistical sense, then its seems reasonable to aggregate the species. The 
drawback to this approach is that there is no guarantee that given an 
arbitrary model, it will be possible to disaggregate two species even if 
project objectives should require it. 


Since there is no rigorous method for defining species groups except 
after one is given a model which may not be appropriate, another approach is 
required. The approach taken in this project was to define the minimum set of 
species groups which the model would be able to distinguish, and then design 
the model so as to meet this goal. These species groups (trees, shrubs, warm 
grasses, cool grasses, forbs, coo! annua! grasses) were defined based on 
ecological intuition and BLM usage. The design of the model to meet this goal 
was based on competition theory and the concept of life strategies. 


Parsimony. The objectives of the project dictated that parsimony should 


be a major strategic consideration during the process of conceptualizing the 
system. Variables and processes were only allowed to enter the model 


formulation when they were absolutely essential for meeting project 
objectives. Thus, the climate variables used and the structure of the soil] 
heat and soil water submodels were entirely dictated by the requirements of 
the plant and animal submodels. Similarly, processes were only defined to the 
degree of detail required by overall objectives. In this way, modelling a 
particular process could not become a goal of its own. 


Top-Down Approach. The conceptualization of the system was accomplished 
using a top--down approach. First, objectives were defined. Next, general 
subsystems were included or excluded (plants in, nutrient cycling out, stream 
flow out, animal energetics in, etc.) based on these objectives. Next, 
specific species types of major importance were considered. This defined food 
webs and the nature of the competitive interactions to be incorporated. The 
above considerations defined the general state variables and flows which were 
sometimes modified as work proceeded. Finally, flow functional forms and 
parameter values were defined and improved during model development. 


Once the model purpose, scope, general resolution, and major species 
Sroups are defined, another step should be included before box and arrow 
diagrams are begun. This step involves defining the adaptive atrategy of each 
major species or group. This defines the major abiotic and biotic 
interactions and the mechanisms which must be modelled to allow simulation 
within the framework of the project goals. This step is usually skipped or at 
least is not made explicit, but doing so can lead to a model formulation that 
is unable to handle important aspects of the ecology of the species. Thus, in 
this project, going directly to box and arrow diagrams caused us to overlook 
the importance of ephemeral leaves in some species of sagebrush. By the time 
this oversight was discovered, the model structure and coding were so far 
along that including this factor would have been very difficult. If, instead, 
we had begun with an analysis like that of Orians and Solbrig (1977) or Grimes 
(1979) this would not have occurred. This approach has been used with some 
success. Botkin (1977) describes a model based on the niche using a 
functional approach. He concludes that the method is both theoretically and 
practically useful. 


2.2.1.1 Abiotic conceptualization 


The structure of the abiotic portions of the model was dictated largely 
by the plant submodel. Layers within the soil profile were required to 
distinguish between plant species with different rooting depths. Sticking to 
the canonical approach dictated that soil heat and soil water layers should 
correspond. Plant roots are divided between these layers. Air temperatures, 
soil water potentials, and day length are the main factors affecting plants. 
Soil temperature influences litter decomposition rates and evaporation and, in 
an earlier version of the model, affected root respiration. All other abiotic 
variables are basically needed to affect soil water and soil temperature. 


Ze2elez2 Piant conceptual ization 


Structuring the plant submodel began with a consideration of the life 
strategies of and competition between the dominant life form types of the 
sagebrush ecosystem. The three dominant life forms are aromatic shrubs, 
perennial grasses, and perennial forbs. On disturbed sites annuals (mainly 
cheatgrass) may be dominant. These four types may be classified with Grimes! 
system (Grimes 1979) as stress tolerant competitive, stress tolerant 
competitive, species of mixed types, and ruderal, respectively. 


The major features of these types for modelling purposes revolve around 
competition and responses to grazing and climate. Aromatic shrubs (sagebrush 
and a few others) are deep rooted, long lived, slow growing, drought tolerant, 
fire sensitive, evergreen, and unpalatable to most animals. Perennial grasses 
(bluebunch wheatgrass) are faster growing, fire tolerant, long lived, 
moderately deeply rooted, moderately palatable, drought resistant, and grow 
mainly in early summer. Perennial forbs are very diverse but at least on the 
Snake River Plains most of them are early spring species (Blaisdell! 1958). 
They are not very competitive with grasses and shrubs, usually being a smal] 
percentage of the total biomass. They were modelled as being similar to 
grasses with cooler season parameters and a lower growth rate. Annuals are 
drought sensitive, rapid growers, prolific seed producers, and unpalatable. 





Using niche theory, it is clear that these growth form types can coexist 
because of spatial and temporal separation of their growing seasons and water 
use strategies. Fire also plays a part by limiting the dominance of 
sagebrush. During the conceptualization process, these characteristics were 
taken into account when determining which processes were to play a major role. 


This process breaks down, however, when it is necessary to model a large 
number of species. Many of the rare species are either ruderal or occur on 
special microsites. Plants on such microsites may still be in competition 
with adjacent average sites to some degree. Attempting to model many 
microsites, such as small patches of disturbed soil, becomes a very complex 
task and multiplies simulation times tremendously. This is a fundamental 
problem in ecological modelling and it has not yet been resolved. Thus, it 
should not be assumed that the model can realistically handle more than five 
species on a particular ERU. 


A further aspect of competition has to do with shading. Taller plants 
are assumed to shade lower plants. Plants of the same height shade each 
other. This process is analagous to the competition coefficients in a 
Lotka-Volterra type system; symmetric for plants of the same height, 
nonsymmetric for plants of differing heights. Shading as a competition factor 
thus stands for, and slightly exaggerates, the competitive advantage of larger 
plants in general. Self shading was not considered due to the generally low 
density of leaves in desert ecosystems. 


In order to account for the effects of grazing, carbohydrate reserves had 
to be modelled. This caused difficulties because of the dearth of relevant 
field studies for parameter estimation. Grazing of cured forage dictated that 
standing dead vegetation had to be modelled as well. 


The fact that no major grazing species eats significant amounts of pinyon 
or juniper meant that these species could be modelled as cover with simple 
logistic functions, thus saving on computer time. 


2.2.1.3 Animal conceptualization 


Parsimony was applied during the modelling of animal species. A detailed 
digestion model, for example, was not undertaken. The minimum number of 
cohorts was used for all species. 


Niche theory indicates that some separation in resource use must occur. 
With only a few species of plants that can be modelled, it is not possible to 
model large numbers of distinct animal species. Many species can be put in 
the model but actually their parameters will be so similar that they are 
really just a few species, broken up into sub-populations and given different 
names. 


The animal submodel consists of biomass and number currencies for several 
animal species. Age and sex cohorts are modelled for species needing this 
degree of resolution. The biomass currency is expressed as dry weight per 
individual, while the number currency is in terms of individuals per hectare. 





3. SAGEGRASS MODEL STRUCTURE 


3.1 System State Variables 


The ecosystem is modeled using a state variable approach which entails 
the representation of parts of the ecosystem by discrete measurable quantities 
such as biomass or energy. This approach contrasts with partial differential 
equation models in which quantities are distributed in space, with models of 
the topology of the multi-population phase space, with set-theoretic models, 
and with other conceptual frameworks. 


The state variable approach was chosen because it allows close repre- 
sentation of the logical relations between components of the ecosystem. Also, 
the difference equation representation describes the system in terms familiar 
to the range scientist such as photosynthesis per day, rainfall per day, etc. 


3.2 System Processes 


The complement of the state variables in this approach is the transfer 
process by which quantities are moved between state variables. AIl changes 
of state variables are accomplished via these transfers, referred to as 
processes, rates, or flows, and measured as units of quantity per unit of 
time. The standard time unit in this model is one day. While quantities 
within the model are not conservative, the sum of inputs to the model equals 
the sum of losses plus changes within the system. 


The types of flows considered depend upon the objectives of the model. 
The detail with which a particular process is considered depends upon data 
availability, objectives, and an understanding of the process. AII of these 
factors may change (and have) during the model development. 


For discussing the mathematical form of the process functions a 
simplified notation is used: Z; for a driving variable; Fj; for a flow; 
X; for a state variable; Pj; for a parameter; 1; for intermediate 
variables. A full description is provided in Table 3.2. Model equations are 
discussed in Section 4. 


3.3 Estimation of Parameters 


Values for parameters must be specified in the model, and these must be 
based on the best estimates available. In some cases, sufficient experimental 
work has been accomplished or field measurements completed so that parameters 
are well documented. Model operation is dependent upon values specified for 
the parameters, and the model makes no distinction between those that are well 
documented and those that are based on estimated relationships. For 
parameters, without enough data for estimation, model runs were conducted and 
parameter values were varied until sufficiently realistic output was 
obtained. 


The parameters in the present model are deterministic rather than 
stochastic. That is, for any given simulation run there are no random 
variations in parameter values. 
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Tables3. 1.) tA\process-etrects matrix showing the ?tems (time, driving 


variables, or state variables) that are used in calculating 
each flow in the different subsystems. 
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Table 3.1, (Continued) 
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3.4 Ecological Response Units 


Selection of spatial units of reasonable size requires a compromise 
between too much and not enough detail. Am ecological response unit is a 
composite spatial unit of combined physiognomic, climatic, soil, vegetative 
and animal features which make that type of area a noticeably unique system in 
terms of its response to varying conditions. 


it is important to note that there is no foolproof technique for 
delineating vegetation types. Some schools of thought base vegetation types 
on dominant species, while others are based on species lists. Even 
statistical methods, such as principal components analysis and cluster 
analysis, may yield different communities depending on data quality and the 
objectives of the investigator. However, the level of resolution in this 
study dictates general community types such as sagebrush—grassland and 
pinyon-juniper forest which are distinct enough that no statistical 
delineation of types is needed. Similarly, there is no objective criteria 
currently available for fumping plant or animal species into functional 
groups. 


Definition of a system of ecological response units must take into con— 
sideration the future of the region and the potential of the units for 
adapting to change resulting from natural resource management. The study 
units are designed so that they will be as meaningful 20 years from now as 
they are today. It is important, therefore, to evaluate a potential study 
unit in terms of its highly dynamic components compared to its minimally 
dynamic or static components. For example, in the absence of a natural 
catastrophe, it is probable that the elevation, slope, and aspect of a unit 
will not change over 20 years. Soil characteristics will change very slowly 
over time, while plant growth is highly dynamic. 


Ecological response units should be defined such that they do not cross 
natural or manmade barriers which livestock are unable to cross. More than 
one ecological response unit (ERU) may be defined within a pasture. 


3.4.1 Abiotic Components 


Variables such as precipitation, air temperature, wind, and solar 
radiation influence all the ecological response units, yet these climatic 
variables remain sufficiently independent of interactions within those units 
and are therefore considered driving variables. 


Abiotic variables such as soil temperature and soil water levels are 
considered system state variables. These variables are not independent from 
interactions and are characteristic components of the system. Additional 
resolution of some of these state variables is required. Thus, because the 
soil is divided into layers, heat flow between layers is needed. 
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3.4.2 Floral Components 


Several hundred plant species occur in the major vegetation zones. This 
results in too many floral units for consideration in either a conceptual or 
numerical treatment. As a first step, the plants are grouped according to 
growth forms such as trees, shrubs, annual grasses, perennial forbs, and cool-— 
season and warm-season perennial graminoids. Even so, considering the limited 
information available, further aggregation may be desirable. 


The plant groups are then subdivided into structural compartments. Thus, 
within herbaceous plants, a live green component, a storage component, roots 
in each soil layer, and a standing dead component are identified. For shrubs 
there is a woody component but no standing dead. 


3.4.3 Faunal Components 


Animal species are grouped as mammals, birds, arthropods, reptiles and 
amphibians, and fish. As a second step, they may be disaggregated into sub-— 
groups such as small mammals, medium-sized mammals, and large mammals, and for 
birds, into groups of omnivores, insectivores, and carnivores. Within each of 
these major groups of animals there are various species which are considered 
representative of the group. Again, information availability and model 
complexity do not allow inclusion of more than a small percent of the total 
number of animal species on an ERU. 


Within any given animal category, changes in number and weight of the 
organisms are considered. Male and female organisms are considered separately 
and are grouped into three age classes: juvenile, immature, and mature. 


3.5 System Flow Diagrams 


The general flow diagrams, Figures 3.1-3.3, illustrates the compar tmental 
structure of flows connecting state variables. There are essentially 10 
currencies flowing in this system model. Nine of these currencies have a 
source and a sink so that the currency may enter and leave the system. 
Factors affecting flow controls are omitted for simplification but are 
discussed later with respect to the individual processes. The currencies 
flowing in the system model include degrees centigrade (calories converted to 
temperatures), meters (or volume) of water, grams per square meter of 
herbaceous plant biomass, grams per individual plant of shrub biomass, tree 
cover, grams per square meter of total plant and animal litter biomass, 
numbers of shrubs, kilograms per individual animal, and numbers of animals. 


The flow diagrams illustrate the structures within a given terrestrial 
ecological response unit. Compartments are the boxes and source/sinks are 
ovals. Flows are labeled along the arrows. The third dimension depicted for 
some subsystems (herb biomass, shrub biomass, tree cover, shrub numbers, 
animal biomass, and animal numbers) refers to the different species or groups 
that might be included. 


There is a correspondence in the belowground layers for soil temperature, 
soil water, and herb and shrub roots. The number and thickness of the layers 
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Figure 3.1. Forrester flow diagram for the soil heat and soil water submodels. 
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Figure 3.2. Forrester flow diagram for tree, litter, shrub, and herbaceous submodels. 
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can vary between ecological response units. Note that the surface must be 
thin, between 3 and 7 cm to allow realistic soil surface moisture and 
temperature for litter decay and seedling germination, and proper reradiation 
characteristics. The subsystems of Fig. 3.1-3.3 are repeated for different 
terrestrial ecological response units. 


The unique numbers of compartments and flows by subsystems within an 
individual ecological response unit model are as follows: 


eet ey eT 8 a eee rei ta ee ee ee ees Ee ee ee 
Subsystem State Variables F lows 
Soil Temperature 1 per soil layer 3 + 1 per soil layer 
Soil Moisure 2+ 1+per soil layer 7 + 2 per soil layer 
Herb Biomass 3 + 1 per root depth 12 + 3 per root depth 
Shrub Biomass 3 + 1 per root depth 13 + 3 per root depth 
Tree Cover 1 4 
Litter Biomass 1 8 
Shrub Number s 1 per height class 2 +2 per height class 
Animal Biomass 1 + 1 per cohort 5 per cohort 
Animal Numbers 1 + 1 per cohort 5 per cohort 


Note that in the flow diagrams there are occasionally flows in and out of two 
adjoining compartments. For example, there is conduction flow of heat between 
the top soil layer and the lower soil layer. The flow is only in one 
direction at a given timestep, but both directions of flow are illustrated. 


Similarly, flows may come from several sources into a compartment. For 
example, the litter biomass source has four flow lines entering into the 
litter compartment. AIl of these will be summed but they are represented 
separately here to show the different sources of plant and animal litter 
inputs into the litter compartment. 


3.6 Process Effects Matrix 


The factors used to calculate each flow are summarized in a process— 
effects matrix im Table 3.1. The columns in this matrix represent time, 
naturally occuring driving variables, management driving variables, and the 
system state variables in the various submodels. The rows in this matrix 
represent the individual flows in each of the submodels. 


3.7 Spatial Configuration 


Any region might be divided into several different ecological response 
units. For example, the modified Forrester flow diagrams in Section 3.4 apply 
to each of the ecological response units in Figure 3.4. However, it is 
important to consider flows not only within an ecological response unit, but 
also between ecological response units. These flows might be streamflow and 
animal movement. 


Consider, for example, the hypothetical piece of landscape shown in 
Figure 3.4. Six ecological response units are shown: 
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Figure 3.4. Spatial relationships between E.R.U.'s. A. Example 
model structure for intra-township E.R.U. spatial con~ 
nections for water flows. 8B. Connection of E.R.U.'s 
to similar E.R.U.'s in adjacent townships. See text 
for additional explanation. 
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highland forested land; 
upland forested land; 
upland non-forested land; 
lowland shrub land; 
bottomland meadow; 
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Possible inter—township flows from one ecological response unit to 
another are shown in Fig. 3.5. For the same type of item flowing, e.g. water, 
deer or cattle, the quantity might be fixed in the case of water, but might be 
functions of the system condition in the case of deer or cattle. Currently 
animals can only move between townships as a result of a user-defined event. 


Hydrology of the study area is not dealt with explicitly. The spatial 
structure for stream flow is incorporated into the model data structure so 
that stream flow could be added easily at a future date. Currently, when 
water runs off an ERU it is not kept track of. Thus, for implementing the 
model, stream channels do not need to be defined. 


Slepte) Temporal Description 


Although change in any variable is continuous, time can also be aggre- 
gated. Thus, incremental changes rather than continuous changes of the above 
currencies (flows) or materials are considered. As a compromise between 
mechanistic detail and practicality, different time steps or increments can be 
used in calculating changes in content of soil heat, soil water, and plant and 
animal biomass and numbers within different components of an ecological 
response unit. The relations between the timesteps are defined by soil heat = 
soil water < plant < animal < tree submodels. The minimum in all cases is one 
day. The maximum is one day for soil heat and soil water, one year for tree 
cover and the point at which output differs significantly from a one day 
timestep for the others, but in no case more than a month. 


Consideration of the method for calculation of these changes leads to an 
initial attempt to express heat and water changes daily, plant biomass and 
numbers changes weekly, animal biomass changes weekly or bi-weekly, and tree 
cover ona yearly basis. Timesteps may be varied between simulation runs, 
longer timesteps giving shorter running times. 


3.9 Nomenclature Master List 


At this point it is useful to explicitly list the driving variables, 
system state variables, system intermediate variables and parameters. These 
are noted in Table 3.2. The variable names shown in Table 3.2 correspond with 
those in the text and computer code. The units and definition for each 
variable are indicated. Units should be carefully noted when setting up an 
input file for a run. 








Table 3.2. A summary of terms used in the numerically implemented model. Terms include driving variables, state variables, 
fiows, intermediate variables, and parameters. Terms are given both in a standardized notation for model 
descriptions and in the PASCAL code. The key to the standard notation follows: 

Pascal Code 


Standard Notation Interpretation Subscripts Interpretation 








Z(t,#) Driving variables | day of year 
t indicates the type of driving variables: J - soil depth-—layer 
C - climatic K soil class 
M — management L plant class 
M fauna class 
N fauna age cohort 
, 10) fauna sex cohort 
X(s,#) State variables P season of year 
s indicates the associated submodel: Q shrub size class 
1 -— soil temperature R plant species 
2 -— soil water $ fauna species 
3 -— herbaceous biomass T time step 
4 — shrub biomass U Ecological Response 
5 - tree basal area Unit 
6 — litter biomass v plant activity level 
7 — shrub numbers 
8 — animal biomass 
9 = animai numbers 
10 — land area 
F(s,#) Flow 
$ indicates associated submodel! 
i(s,#) intermediate variables 
s indicates submodel! which calculates it 
P(s,#) Parameter 
s indicates associated submodel 
In all cases, # indicates a sequential numbering 
system 
STANDARD 
NOTAT 1ON PASCAL CODE REFERENCED UNITS DEFINITION 
Z(C,1) DATE Sele days Julian date 
Z(G,2) TEMPMAX [ | ] Bicliait Ae Maximum air temperature of !-th day 
Z(C53) TEMPMIN{ | ] 3.1.17 SG Minimum air temperature of I!-th day 
Z(C,4) TEMPMEAN| 1 } SS el eC Mean air temperature of I-th day 
Z(G) WIND 3.1.1 km bro! Total daily kilometers of wind 
Z(C,6) PRECIP ci a cm day~! Total daily precipitation 
ZAG TL) SHORTWAVE Seals ly day~! Shortwave radiation reaching the ground 
Z(C,8) DAYL I GHT Seihiet hr Hours of daylight 
Z(M,1)} INTENSITY 4.4.1 % Fire intensity measured as percentage of vegetation burned 
Z(M,2) SPRAYSUCCESS 4.4.1 % Percent kill of shurbs by herbicide 
Z(M,3) HUNT. SUCCESS 4.4.1 % Hunter success as a percent of species population 
Z(M,4) HUNT . WOUND 4.4.1 % Wounding loss as a percent of species population 
Z(M, 5) STOCK.POPULATION 4.4.1 number s Number of animals stocked (or removed) from an ERU 
Z(M,6) FERTRATE 4.4.1 % Percent increase in productivity due to fertilization 
Doubling of fertility would be 2.0 
Z(M,7) HARVEST PERCENT 4.4.1 % -Percent of tree species cover harvested 
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Table 3.2. (Continued) 


eee 


STANDARD 
NOTATION : PASCAL CODE REFERENCED UNITS DEFINITION 

X(151) LAYER[J ]. TEMP 4e2si LG, Temperature of J-th soil layer 

X(251) SNOW 4.2.2 cm Depth of snow on surface of top soil layer 

xX(232) RETAIN 4.2.2 m3 Volume of water retained on surface of soil 

Mi2e Ss) LAYER[ J ].-MOIST ble De Ds m3 Volume of water in J-th soil layer 

A351.) BIOMASS. STORAGE 4.3.1.6 g m72 Storage biomass, herbaceous sp. 

X(3,2) BIOMASS.ROOT[ J ] 4.3.1.6 g m72 Root biomass in J-th soil layer, herbaceous sp. 
X(333) BIOMASS .GREEN Averell eee g m-2 Green biomass, herbaceous sp. 

X(3,4) B f!OMASS . NONGREEN 4.3.1.6 g m2 Standing dead biomass, herbaceous sp- 

X(4,1) BIOMASS . STORAGE 4.3.1.6 g (ptant)~! Carbohydrate reserves, shrub sp. 

X(4,2) BIOMASS. ROOT[J ] 4.3.1.6 g (plant)7! Roots in J-th soil layer, shrub sp. 

X(4,3) BIOMASS .GREEN 4.3.1.6 g (plant)—! Green biomass, shrub sp. 

X(4,4) BIOMASS .NONGREEN 4.3.1.2 g (plant)~! Woody aboveground biomass, shrub sp. 

X(551) TREECOVER 4.3.1.5 % Tree cover 

X(6,1) LITTER.WEIGHT 45352 g m2 Total litter biomass 

X75 1} POPULATION 4.3.1.2 numbers m72 Number of shrubs of height class Q 

X(8,1) COHORT[N,O] Asie ol g Live biomass of N-th age and O-th sex cohort of a fauna species 

- WEIGHT 
X(8,2) DEADWT 4.3.3.1 g Dead biomass of a fauna species 
x(9,1) COHORT[N,O] 4.3.3.2 number s Individuals of N-th age and O-th sex cohort of a fauna species 
« POPULATION 

m(9e2)) DEAD1 ND 4.3.3.2 number s Dead individuals of a fauna species 

X(10,1) ACREAGE 4.2.4 ha Undeveloped acreage within ERU 

E(1s1) RADIATE 4.2.1 cal cm72 day~! Effective incoming shortwave radiation 

ale) VAPORIZE 4.2.1 cal cm-2 day~! Heat loss due to evaporation from soil surface 
F{le3} RERADIATE 4.2.1 cal cm72 day! - Effective longwave radiation flux 

F(1,4) CONDUCT 4.2.1 cal cm? day7! Heat conduction flux between soil layers 

F(251) driving variable 452.2 m3 day! Total daily precipitation as rainfall 

F(2,2) INTERCEPT ION As252 m> day~! Precipitation intercepted by plants 

F233") : input value Adu a cm day! Total daily precipitation as snowfall 

F(2,4) no specific term 4.2.2 me? day! Snow melt water 

Bt2) no specific term 4.2.2 m> day~! Runoff to channel 

F256) INF }|LTRATE Aa 2 ere. m3 day! Water from surface into upper soil layer 

F(2;7) EVAPORATE 4.2.2 m3 day7! Volume of water evaporated 

F(2,8) PERCOLATE 4.2.2 m> day7! Water flow between soil layers 

F(2,9) TRANSPIRE[J ] Bo Rods m> day7! Water taken up by plant roots from J-th soil layer 
E351) NET PHOT 4.3.1.6 g m7 2 day! Flow of COy to green biomass, herb. sp. 

Ja (Bly Pa ROOTTRANSL[ J ] 4.3.1.6 g m2 day~! Flow from carbo. reserves to roots, J-th soil layer 
Ft 3eS)) GREENTRANSL 4.3.1.6 g m2 day~! Flow from carbo. reserves to green biomass, herb. sp- 
F(3,4) STORAGERES Pf RE 4.3.1.6 g m7 2 day! Respiration from storage biomass, herb. sp. 

F(355) ROOTRESPIRE[J } 4.3.1.6 g m-2 day~! Respiration from roots, J-th soil layer 

P3776) GREENRESP I RE 4.3.1.6 g m2 day~! Respiration from shoots, herb. sp- 

LR Sea STORAGEDEATH 4.3.1.6 g m2 day~! Loss from storage due to mortality, herb. sp. 
F(3,8) GREENDEATH 4.3.1.6 g m2 day~! Flow from aboveground live to standing dead, herb. sp- 
F(3.;9) ROOTDEATH[ J ] 4532156 g m2 day~! Loss due to mortality from roots, J-th soil layer 
F(3; 10} GREENBURN 4.3.1.6 a4 m2 day~! Fire consumption of green biomass, herb. sp. 


Ke 








Table 3.2. (Continued) 
STANDARD 
NOTAT JON PASCAL CODE REFERENCED UNITS DEFINITION 

Fest") GREENGRAZE 4.3.3.1 g m72 day! Grazing of green biomass, herb. sp. 

F312) DEADSHATTER -- g m2 day! Flow from standing dead to litter, herb. sp. 

Fisyl 3) DEADBURN —~ g m72 day! Fire consumption of standing dead biomass, herb. sp. 
F(3,14) DEADGRAZE 4.3.3.1 g m2 day! Grazing of standing dead biomass, herb. sp. 

F(3,15) LEAFFALL 4.3.1.6 £g m2 day~! Flow from green biomass to litter, herb. sp. 

F(4,1) NET PHOT 4.3.1.6 g m2 day! Flow from COy to green biomass, shrub sp. 

F(4,2) ROOTTRANSL [ j J 4.3.1.6 g plant! day~! Flow from carbo. reserves to roots, J-—th soil layer 
F(4,3) GREENTRANSL 4.3.1.6 g plant! day~! Flow from carbo. reserves to green biomass, shrub sp. 
F(4,4) STORAGERES PI RE 4.3.1.6 g plant! day~! Respiration from storage biomass, shrub sp. 

F(4,5) ROOTRESPIRE[} ] 4.3.16 g plant-! day7! Respiration from roots, J-th soil layer 

F(4,6) GREENRESP IRE 4.3.1.6 g plant7! day~! Respiration from shoots, shrub sp. 

F(4,7) STORAGEDEATH 4.3.1.6 g plant! day! Loss from storage due to mortality, shrub sp. 
F(4,8) LEAFFALL 4.3.1.6 g plant! day~! Flow from green biomass to litter, shrub sp. 

F(4,9) ROOTDEATH[ § } 4.3.1.6 g plant7! day~! Loss due to mortality from roots, j-th soil layer, shrub sp. 
F(4,10) GREENBURN -- gz plant7! day! Fire consumption of green biomass, shrub sp. : 
F(4,i11) GREENGRAZE 4.3.3.1 g plant7! day~! Grazing of green biomass, shrub sp. 

F(4,12) WOCDYTRANS L 4.3.1.6 g plant~! day~! Fiow from carbo. reserves to woody biomass, shrub sp. 
F(4,13) WOODYRESP | RE 4.3.1.6 g plant7! day! Respiration from woody biomass, shrub sp. 

F(4,14) WOODYB URN =~ g plant! day~! Fire consumption of woody biomass, shrub sp. 
F(4,15) WOODYGRAZE 4.3.3.1 g plant! day~! Grazing of woody biomass, shrub sp. 

F(4,16) LITTERFALL a g plant—! day~! Flow from woody biomass to litter, shrud sp. 

F(5,1) TREEGROWTH 4.3.1.5 m2 day! Flow from source to tree cover, tree sp. 

EtS 52) TREELOSS 4.3.1.5 m day7! Flow from cover to sink, tree sp. 

F535) TREELOSS 4.3.1.5 m2 day! Rate of harvest of trees 

F(5,4) TREEBURN 4e321.5 m day7! Rate of burning of trees 

E651} no specific term 4.3.2 g m2 day7! Tranfer to litter from herbs 

EtG2) no specific term 4.3.2 g m2 day! Transfer to litter from shrubs 

F(6,3) no specific term 4.3.2 g m2 day~! Transfer to litter from trees 

F(6,4) EXCRETION 4.3.2 g m2 day7! Transfer to litter from animal feces 

F(6,5) CARCASS 4.3.2 g m2 day! Transfer to Jitter from dead animals 

F(6,6) DECOMPABOVE 4.3.2 gm! day~! Flow of litter to sink 

F(6,7) LITTERBURN 4.3.2 g m2 day! Consumption rate of Jitter by fire 

F(6,8) LITTERGRAZE 4.3.2 g m2 day7! Grazing of litter by animals 

F(7,1) RECRUITMENT 4.3.1.7 numbers m2 day! Flow from sources to number small shrubs 

F(7,2) MATURAT 1ON 4.3.1.7 numbers m7~2 day~! Flow from small shrub to farge shrub numbers 

F753) SHRUBDEATH 4.3.1.7 numbers m72 day~! Natural mortality of shrubs of a height class 
F(7,4) SHRUBBURN 4.3.1.7 numbers m2 day! Fire caused mortality of shrubs of a height class 
F(8,1) ASS IMILATE 4.36361 g day~! Consumption, assimilation and respiration by faunal 

species cohorts 
F(8,2) RECRUIT 4.3.3.2 g day~! Recruitment of male and female juveniles 
F(8,3) IMMIGRATE / 4.3.3.2 g day~! Immigration/emigration of faunal species cohorts 
EM!IGRATE 

F(8,4) BEDEAD 4.3.3.1 g day~! Mortality of faunal species cohorts 

(85) DECOMPOSE —_ g day™! Decomposition of dead animals 

Eo pti) RECRUIT 4.3.3.2 number s day! Recruitment of male and female juveniles 

Fit9), 2) IMMIGRATE / 2 esi ess esi numbers day~! Immigration/emigration of faunal species cohorts 

EMIGRATE 

EG 53)) AGING 4.3.3.2 numbers day7! Maturation of male and female cohorts 

F(9,4) BEDEAD 4.3.3.2 number s day~! Mortality of faunal species cohorts 

F(9,5) DECOMPOSE aa numbers day-1 Decomposition of dead animals 
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EEE 
STANDARD 


NOTATION 


Lite) 
1(1,2) 
baat} 
1(2,2) 


1 (2,3) 
1 (2,4) 
1(2,5) 


1 (2,6) 
1(2,7) 
1(2,8) 
1(2,9) 


1(3,1) 
1 (3,2) 


1 (3,3) 


1(3,4) 
1 (3,5) 
1(3,6) 
1(3,7) 


1(3,8) 


1(3,9) 
1 (3,10) 


1(3,11) 
1 (3,12) 
1 (3,13) 
1(3,14) 
1(3,15) 
1 (3,16) 
1 (3,17) 
1 (3,18) 
1 (3,19) 
1 (3,20) 
1 (3,21) 


1 (3,23) 
1 (3,24) 
1 (3,25) 
1(3,26) 
1 (3,27) 


1 (3,28) 


PASCAL CODE 


C{)] 
LAMDA[ } ] 
THETA J ] 
LAYER[J ] 
«POTENTIAL 


H[J ] 
K[J] 
KAVE[J ] 


WFACTOR[ J ] 
WSUM 
MAXRATE 
IS[L]} 


LEAFAREA 
MU 


WATEREF FECT 


no specific term 
FERTIL 

TH 

TOX 


TEMPEFF ECT 


SHADE 
AVEPOTENT IAL[V] 


TRANS 
STRUCTURE 
TOTAL. COVER 
LIVECOVER 
TOTCOVER 
ACTIVE 
INACTIVE 
PLANTDAYS[V] 
AVEMAXT [V ] 
AVEMINT[V] 
AVETEMP[V ] 


DROUGHTDAYS 
DROUGHTSTRESS 
ROOTDAYS [J ][V] 
ROOTWATER[ J ] 
ROOTTEMP J ] 


TOTAL.LIVECOVER 


REFERENCED 


2.1 
2.1 
2.2 
-2.2 


oan 
e 

e e 

|S] 28 sw aI QHnaangnn 


e 
e 
° 


e 
e 
° 


° 


ahh PaA AHA HHL 

WWW WWW WH WW WwW Ww 

ena Sy 2s Se Sa Sy a Sey a 
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4.3.16] 


4.3.1.1 


4.3.1.1 


4.3.1.6 


4.3.1.6 


4.3.1.6 


UNITS 


cal (m3 ecyal 
cal (cm sec °C)71 
% 

bars 


m 
m sec~! 
m sec! 


no units 
no units 
cm 
cm 


dm2 m2 
% 


% 
% 
% 
AE 
NG; 
% 


dm2 m72 
bars 


g m2 or g plant~! 
£ m-2 or g plant—! 
% 


no units 
no units 
days 

KE: 

°C 

2G 

days 
bars 
days 
bars 

ME 


% 


DEF INI TION 


Volumetric heat capacity of J—th soil layer 
Thermal conductivity of J-— th soil layer 
Volumetric water content of J—th soil layer 


Difference in free energy per unit volume between 
matrically bound water and that of pure water of J-th 
soil layer 

Hydraulic suction head of J-th soil layer 

Hydraulic conductivity of J-th soil layer 

Average hydraulic conductives between the J-th and 
(J+1) soil layers 

Weighting factor for metric potential of J-—th soil tayer 

Sum of weighting factors 

Maximum infiltration rate 

Interception storage modified by amount of rainfall for L-th 
plant class 

Leaf area index, top side of leaf 

Maximum net photosynthesis rate as a function of soil 
water potential 

Reduction in photosynthate allocation to roots and tops 
due to reduced soil water 

Effect of soil water and temperature on net photosynthesis 

Site quality effect on photosynthesis 

Maximum temperature for net photosynthesis 

Optimal temperature for net photosynthesis, affected by 
soil water 

Decrease in total translocation as temperature becomes less 
than optimal 

Amount of leaf area shading 

Soil water potential in the wettest zone containing roots 
for days in activity class V 

Total translocate 

Total structural biomass of plant 

Total percent cover of vegetation, Jive + dead 

Percent of total live cover by species 

Percent of total cover by species 

Index value for activity class V 

Index value for activity class V 

Number of days in activity class V 

Average maximum temperature for days in activity class V 

Average minimum temperature for days in activity class V 

Average daily mean temperature for days in activity 
class V 

Number of days during which available soil water is 
below the wilting point 

Average water potential for days below the wilting 
point 

Number of days during which soil layer Jj is above the 
wilting point and above freezing 

Soil water potential in the J-th layer averaged for days 
above the wilting point 

Soil temperature in the J-th layer averaged for days 


above the wilting point 
Total live cover 
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Table 3.2. (Continued) 
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STANDARD 


NOTAT ION PASCAL CODE REFERENCED , UNITS DEFINITION 

1(4,1) WATERRECRU!T 4.3.1.7 % Effect of surface soil moisture on small shrub invasion 

1(4,2) TCOMP 4.3.1.7 % Effect of competition on small shrub invasion 

1(4,3) TEMPRECRUIT 4.3.1.7 % Effect of surface temperature on shrub germination 

(5,7) MAXCOVER 4.3.1.5 % Maximum tree cover that can be attained on an ERU 
Input by user for each ERU. 

1(8,1) METABASE 4.3.3.1 cal g@! Calories needed for basal metabolism 

1(8,2) CONDUCTANCE 4.3.3.1 cal °c! Rate at which an animal body gains or josses heat 

1(8,3) CRIT ICALTEMP 4.3.3.1 AG Lower critical temperature of thermoneutrality 

1(8,4) METATHERM 4.3.3.1 cal g-! Calories needed for maintenance of thermal regulation 

1855.) MOVEMENT 4.3.3.1 km Distance traveled during one time step 

1(8,6) VELOCITY 2 Re Hc | km he 71! Average velocity of movement 

1(8,7) ME TAMOVE 4.3.3.1 cal go! Metabolic calories needed for activity 

1(8,8) METAGROW 4.3.3.1 cal gq! Caiories needed for biomass production 

1(8,9) ENERGYBASE 4.3.3.1 cal Calories needed for all metabolic needs other than growth 

1(8,10) ENE RGYGROW 4.3.3.1 cal Calories needed for all metabolic needs 

$(8,11) NEED 0 ia es ia g Biomass needed of a food species 

1(8,12) AVAILABLE 4.3.3.1 g Biomass available of a food species 

Ms,03) ABUNDANCE 4.3.3.1 % Relative abundance of a food species to its total demand 

1(8,14) RELSCARCITY 4.3.3.1 % Relative scarcity of a food species to an individual 
consumer species 

1(8,15) -  ALLOT 4.3.3.1 g Biomass of a food specie alioted to a consumer specie 

1(8,16) ENE RGYF LUX 4.3.3.1 cal Difference between the metabolic needs and the calories 
supplied through all foods consumed De) 

1(9,1) AGEOF 4.3.3.2 days Age of a particular species cohort — 

1(9,2) NATDEATH 4.3.3.2 number s Number of individuals dying of "natural" causes 

1(9,3) PREDATE 2 See Wr Woe number s « Number of individuals dying from predation 

1(9,4) HUNT fA ie eg number s Number of individuals dying from jegal hunting and wounding 
losses 

1(9,5) COND IT LON —_ % index of animal condition 

1(9,6) HABVAR [ SNOW ] 4.3.3.2 no units Habitat rating of an ERU's snow condition for a species 

1(9,7) HABVAR| TEMP | 423.362 no units Habitat rating of an ERU's temperature condition for 
a species 

1(9,8) HABVAR[ COVER | 4.3.3.2 no units Habitat rating of an ERU's cover condition for a species 

1(9,9) HABVAR [FOOD ] Aesed <2 no units Habitat rating of an ERU's food condition for a species 

1(9,10) HABVAR[PREVPOP ] 4.3.3.2 no units Habitat rating of an ERU's population condition for a 
species 

(9,11) HABVAR[ COMB [NED] 4.3.3.2 no units Sum of an ERU's habitat condition ratings for a species 

1(9,12) TWNTOTAL 4.3.3.2 number s Total species population existing within a township 

1(10,1) LAYER[J ]-MIDDEPTH 4.2.4 m Depth at midpoint of J-th soil layer 

1(10,2) FERTIL 4.3.3 no units Current site fertility 

1(C,1) PEVAP 4.2.2 cm Potential evaporation from a pan of water 

1(C,2) TEMPF ACTOR cha ays % Percent adjustment to driving variable temperature based 
on elevation 

ies) RA INF ACTOR 3.1.2 % Percent adjustment to driving variable rainfall based on 


efevation 
1(C,4) PTRANS 4.2.2 cm Potential transpiration 


Table 3.2. (Continued) 
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STANDARD 
NOTAT ION PASCAL CODE REFERENCED UNITS DEFINITION 
P (aed) SPDEN[K ] 4.2.1 g cm72 Specific density of K-th soil type 
Uta ey SPHEAT[K ] 4.2.1 Callens oc)-1 Specific heat of K-th soil type 
BiCtt33)) EARTHTEMP 4.2.1 cc Temperature of earth below lowest layer 
P(1,4) EMISSIVITY 4.2.1 % Relative ability of the earth to radiate energy 
Pils) ALBEDOPLANT 4.2.1 % Average plant surface albedo 
P(1,6) LMINERAL 4.2.1 1073 cal (cm sec °C)~! Thermal conductivity of mineral component of the soil 
Pe (ae sein) LORGANI C Anon 1073 cal (cm sec oc)-1 Thermal conductivity of organic matter component 
of the soil 
Pas) LWATER 4.2.1 10-3 cal (cm sec °C)7! Thermal conductivity of water component of the soil 
PAG 0!) STEFBOLTZ 4.2.1 cal ( cm? °C day)! Stefan Boltzman constant 
P(1,11) VAPORBASE 4.2.1 cal Energy required for vaporization at 0°C 
Pity et2)) VAPORGRAD 4.2.1 cal °col Energy gradient for vaporization per O°C 
Ehret) BASEKELVIN 4.2.1 °K Converts °C to °K 
P(1,14) SPHTH20 4.2.1 cal (g oc)-1 Specific heat of water 
Ele h5:) SPDENH20 4.2.1 g cn— Specific density of water 
P(t 716) SPHTHUMUS 4.2.1 cal (g °c)! Specific heat of humus 
Bi az.) SPDENHUMUS 4.2.1 % Specific density of humus 
P (2 in) SATK[K } 4.2.2 m sec! Hydraulic conductivity at saturation of K-th soil type 
Pate? 512) SATTHETA[K ] eID % Volumetric water content at saturation of K-th soil 
type 
P (2:3) F JELDCAP[K] 4.2.2 % Volumetric content of field capacity of K-th soil type 
P(2,4) BAR3THETA[K ]} 1 ine % Volumetric water content at 3 bars water tension 
for K-th soil type 
P23) WILTTHETA[K ] ths 9c 9 % Volumetric water content at wilting point for K-th 
soil type 
P(2,6) COE[L ] 4.2.2 % Intercepted water evaporated from plant surface for 
L-th plant class 
Pi (2) ISC[L] 4.2.2 % Intercepted water retained on plant surface for L-th 
plant class 
P (2,8) DEWTEMP 4.2.2 we Threshold evaporation temperature 
P(2,9) MELTRATE e752 cm °cul Rate of snow melt 
P (2,10) MELTTEMP Arie °C Threshold melting temperature 
Piti2 ality) STREAM. RATE 4.2.2 m> day~! Stream discharge rate 
Ba leenli2s) SEEPRATE Bra DisiD % Seepage rate from stream to deep soil layer 
ral ts) SNOWMOI ST 4.2.2 cm (cm HOH)~1 Moisture content of snow 
P(2,14) SNOWTEMP 4.2.2 XG Threshold snowfall temperature 
Fst) B 4.3.1.6 % Parameter controlling relative allocation of photosynthate 
Rez) HPS IMORT 4.3.1.6 g m-2 bar7! day~! Rate at which green biomass dies per unit of moisture 
potential below PSIMORT 
P.(3 3) K3 4.3-1-6 no units Shape parameter 
Pia, 4) K4 4.3.1.6 no units Parameter for rate of reduction of MU with water potential 
F3),¢5)} K5 4.3.1-6 no units Parameter for rate of reduction of TH with water potential 
P(3),:6) K6 4.3.1.6 no units Parameter for rate of reduction of TOX with water potential 
PS 7) KD 4.3.1.6 % day~! Protein degradation rate 
Rts, 5) ROOTDEPTH 4.3.1.6 cm Depth in cm of deepest penetration of roots by a specie 
B(3i59) PMAX AS sutra (g dry wt) dm-2 pro! Maximum net photosynthetic rate in g dry weight 
Let te i ON PS IMORT 4.3.1.6 bars Moisture potential causing plant mortality 
P (3,11) RX 4.3.1.6 g day~! Maximum translocation rate at high levels of stored energy 
FC 3y4'2)) GPRIORITY 4.3.1.6 % Green biomass at which all translocation goes to green, as 


a percent of all structural biomass except green 


&¢ 
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STANDARD 
NOTATION PASCAL CODE REFERENCED UNITS DEF INI TION 
Fi(37 131) MINS TORAGE 4.3.1.6 g Storage biomass at which plant die back begins as a percent 
of total biomass 
P (3,14) TL 4.3.1.6 °G Minimum temperature for net photosynthesis 
P(3,15) TMAX 4.3.1.6 °C Maximum temperature for net photosynthesis under 
nonlimiting soil water 
P(3,16) TOPT 4.3.1.6 ul, Optimal temperature for net photosynthesis under 
nonlimiting soil water 
P(3,17) XDEATH 4.3.1.6 % Rate of death of green biomass per unit of temperature 
below threshold 
P(3,18) TRANSBELOW 4.3.1.6 % Percent of totai translocate which goes belowground 
Pal S519} EXPAND 4.3.1.6 bars Soil water potential at which leaf expansion js 
inhibited 
P(3,20) RDEATH 4.3.1.6 % Root death rate per unit of soi! water potential below PS!MORT 
P(3,21) XS HADE 4.3.1.6 % Percent reduction in net photosynthesis due to competing 
vegetation 
P(3,22) GTOLAI 4.3.1.2 dm? go! Conversion factor for leaf area per g of leaf biomass 
P (35.23) SHATTER ~— g day~! Nominal rate of transfer of standing dead to litter 
P(3,24) ° WILTPT 4.3.1.6 bars Wilting point ; 
Ps p25) EFFICIENCY 4.3.1.6 % Conversion efficiency of carbohydrates to structure 
P(3,26) FREEZE 43s he 6 ce Temperature at which mortality of green biomass odegins 
Pa een) XPALL 4.3.1.6 SG Temperature below which translocation is inhibited 
P(3,28) PROTE IN. LEAF [P ] 4.3.1.6 % Percent protein of leaves 
P(3,29) PROTEIN. ROOT[P ] 4.3:51.6 4 Percent protein of roots 
P(4,1) ZRECRUIT -- g Average woody biomass above which recruitment begins to larger 
size class 
P(4,2) ZAI 4.3.1.7 numbers m7~2 day~! Nominal shrub germination rate 
P(4,3) ZCA 403.127 dm-2 Effect of shade on shrub invasion 
P(4,4) ZLEAF DEATH = % Percent of leaves lost during leaf abscission 
P(4,5) ZLEAF FALL -- julian date Date at which leaves fall 
P(4,6) ZSTEMDEATH - % Nominal stem death rate 
P(457) ZRECR 4.3.1.7 % day~! Percent of smal! shrubs that move to large size class 
per day 
P(4,8) PROTEIN. WOODY [P ] 4.3.1.6 % Percent protein of wood minus nonstructural carbohydrates 
P(5,1) TREEGROW 4.3.1.5 nad day~! Nominal growth rate for a tree species 
PSs 2) TREEGPERM2 oe Zz m-2 Grams of leaf per m of cover 
Ris, 3) TREEGTOLAI — dm2 g-1 Conversion factor for leaf area from units of leaf biomass 
P(5,4) TREEPK4 -- no units Rate of reduction of transpiration with decreasing soil water 
; potential 
Pu(Si,5)) TREEWILT =“ bars Wilting point for trees 
P(5,6) TURNOVE RRATE 4.3.1.5 % Daily percentage of tree needles lost 
P(6,1) LWILT 4.3.2 bars Analogous to wilting point for litter. Point at which decay stop 
P (6,2) LK7 4.3.2 sect Effect of litter temperature on litter decay rate 
Fx(G;, 3) LRESPSCALE 4.3.2 no units Dimensionless scaler for litter respiration function 
P(8,1) GAVMA[M ] 4.3.3.1 no units Regression coefficient of M-th fauna class 
P(8,2) ALPHA1 [M] 4.3.3.1 no units Regression coefficient of M-th fauna class 
P(8,3) BETAT(M] 453.304 no units Regression coefficient of M-th fauna class 
P(8,4) ALPHA2[M] 4.3.3.1 no units Regression coefficient of M-th fauna class 
P(8,5) BETA2[M] 4.3.3.1 no units Regression coefficient of M-th fauna class 
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STANDARD 
NOTATION 


P(8,6) 
P(8,7) 
P(8,8) 
P(8,9) 
P(8,10) 
P(8,11) 
P(8,12) 
P(8,13) 
P(8,14) 
P(8,15) 
P(8,16) 
P(8,17) 
P(8,18) 
P (8,19) 
P (8,20) 
P(8,21) 
P(8,22) 
P(9,1) 
P(9,2) 
P(9,3) 
P(9,4) 
P(9,5) 
P(9,6) 


P(9,7) 
P(9,8) 


P(9,9) 

P(9,10) 
P(9,11) 
P(9,12) 
P(9,13) 
P(9,14) 
P(9,15) 


P(9,16) 


PASCAL CODE 


ALPHA3[M] 
BETA3[M] 
ALPHA4[M] 
BETA4[M] 


PALATABILITY 
ANABOL 1 SM 
CATABOL 1 SM 
CRITICALLOSS 
BODYTEMP [M] 
ADULTWE IGHT [0] 
CALORIES 
DIGESTION 
PREF[P ] 


BIRTHWE IGHT 
MAXF ATPCT 
BEGINBIRTH 
ENDBIRTH 
SUCCESS 
YOUNGBORN 
MATUREAT[N ] 


MORTALITY[N, P ] 


DA IL YRANGE 
CRIT ICALDE PTH 


MOVE IMPETUS 
[ SNOW] 

MOVE IMPETUS 
[ TEMP ] 

MOVE IMPETUS 
[ COVER ] 
MOVE IMPETUS 
[FOOD ] 

MOVE IMPETUS 
[ PREVPOP ] 
PREDLOSS[N] 


HIBERNATION. 
START 
HIBERNATION. 
STOP 


REFERENCED 
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4.3.3.2 


4.3.3.2 


4.3.3.2 


4.3.3.2 


4.3.3.2 


UNITS 


no 
no 
no 
no 


units 
units 
units 
units 


Regression 
Regression 
Regression 
Regression 


DEF INI TION 


coefficient 
coefficient 
coefficient 
coefficient 


of M-th 
of M-th 
of M-th 
of M-th 


fauna 
fauna 
fauna 
fauna 


class 
class 
class 
class 


% 

% 

% 

% 

2 

g 

cal go! 
% 

% 


8 

% 

Julian date 
Julian date 
% 

numbers 
days 

% 


km 
cm 


% 
% 
% 
% 
% 
% 
julian date 


julian date 


Palatability of non-green plant biomass 

Efficiency of converting energy to body tissue 

Efficiency of converting body tissues to energy 

Percent of body weight which can be lost before death 

Average body temperature of M-th fauna class 

Maximum weight of adult of a species of O-th sex 

Caloric content of a species by dry weight 

Digestability of a species 

Relative preference of a species by a consumer species 
during the P-th season 

Biomass of newly born 

Maximum percent fat in a healthy adult 

Beginning date of population birth period 

Ending date of population birth period 

Percent of mature females bearing surviving young 

Average number of young born to a mature female 

Duration of time before an individual ages to next N-th 
age class 

Percent of population dying from natural causes for the 
N-th age class and P-th season 

Radius of daily home range traveled by specie 

Critical threshold snow depth which restricts species 
movement 

Relative importance of snow condition in initiating 
species movement 

Relative importance of temperature condition in 
initiating species movement 

Relative importance of cover condition in initiating 
species movement 

Relative importance of food condition in initiating 
species movement 

Relative importance of population condition in initiating 
species movement 

Percent of total species predation losses from the 
N-th age class 

Julian date for initiation of hibernation 


Julian date for termination of hibernation 


Ez 








Table 3.2. (Continued) 
STANDARD 
NOTAT iON PASCAL CODE REFERENCED UNITS DEFINITION 
P(10,1) ASPECT 4.2.4 direction Direction of slope of soil surface 
P(10,2) SLOPE 4.2.4 % Degree of incline of soil surface 
P(10,3) ALBEDO 4.2.4 % Reflectivity of bare soil 
P(10,4) LAYER[J ] 4.2.4 m Thickness of J=th soil layer 
- THICKNESS 
Oia) LAYER[] ]-CLASS 4.2.4 attribute Soil-class category of j-th soil layer 
P(10,6) ELEVATION 4.2.4 feet ERU elevation 
P(10,7) LAYER[J ] . HUMUS 4.2.4 % Soil organic matter of J-th soi! layer 
P(10,8) PANDE PTH 4.2.4 cm Depth to duripan or bedrock, whichever is first 
P(10,9) LAYER[} ]. STONES 4.2.4 % Percent stones, cobbles, and gravel in j-th soil fayer 
P(10,10) BASEFERTIL 4.3.3 no units Nominal site fertility 
PiGaatc TEMPLAPSE 4.1.2 % (1000 ft)~! Temperature lapse rate per 1000 ft. change in elevation, 
based on degrees K 
P(e, 2) TEMP INTERCEPT 4.1.2 % Intercept for temperature lapse rate regression, 
based on degrees K 
P(C,3) RA INLAPSE 4.1.2 % (1000 ft)-! Rain lapse rate per 1000 ft. change in elevation 
P(C,4) RAININTERCEPT 4.1.2 % Intercept for rain lapse rate regression 
P(C,5) PSOLARI 4.1.2 no units Regression coefficient for evaporation to predict solar radiatio 
in mm of equivalent evaporation : 
P(C,6) PSOLAR2 4.1.2 no units Regression coefficient for wind to predict solar radiation in 
mm of equivalent evaporation 
Pi(G, 72) PSOLAR3 4.1.2 no units Regression coefficient for temperature to predict solar radiation 
in mm of equivalent evaporation 
P(C,8) PSOLAR4 4.1.2 no units Regression intercept to predict solar radiation in mm of 
equivalent evaporation 
P(C,9) PEVAP 1 4.1.2 no units Regression coefficient for solar radiation to predict pan 
evaporation in mm 
P(C,10) PEVAP2 4.1.2 no units Regression coefficient for wind to predict pan evaporation 
in om 
P(C,11) PEVAP 3 4.1.2 no units Regression coefficient for mean air temperature to predict 
pan evaporation in nm 
BEC CS 12)) PEVAP4 4.1.2 no units Regression intercept to predict pan evaporation in mm 
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4. SAGEGRASS MODEL FUNCTION 


The diversity which exists among plants and animals has been spatially 
divided, classified, and described for the purposes of the ecosystem model. 


The implemented model may be described as a forced system of nonlinear 
difference equations with lag effects and discontinuities. The model is 
canonical in form; the same general structure may occur from one ecological 
response unit to the next and different groups of variables of the same class 
have identical structures. Thus, different herbaceous plants within an 
ecological response unit and between ecological response units would have the 
same compartmental structure. The specific processes vary due to different 
parameter and coefficient values. 


Individual processes are described in a general narrative and through 
algebraic. equations using a standardized notation. 


4.1 Driving Variables 


4.1.1 Base Climate Pattern 


Operating the numerical model requires driving it or forcing it with 
driving variable records. A set of climatic variables was selected that was 
just sufficient for the purposes of the model. The driving variable records 
are daily values of climatic information. The driving variable records of 
naturally occuring climatic variables include the following: 


Z(C,1) Julian date 

Z(c,2) Maximum air temperature (°C) 

Z(c,3) Minimum air temperature (°C) 

Z(Cc,4) Mean air temperature (°C) 

Z(c,5) Average daily wind (km day~!) 

Z(C,6) Total daily precipitation (cm) 

Z(c,7) Shortwave radiation reaching the ground (before reflection) (ly) 
Z(c,8) Hours of daylight 


Pan evaporation (1 Cy ) is also read in, even though it is not strictly a 
driving variable. It is read as mm and converted to m. Mean daily air 
temperature was determined by averaging max and min values from the original 
data during conversion of all units to metric. 


Driving variable records for a site are ideally obtained by interpolating 
available weather station data to the specific site being modelled using a 
technique such as parabolic leapfrog correction (Guardado and Sommers 1977). 
However, with weather data tapes with 11 years of data costing approximately 
$130 per station from the National Climatic Center, and the additional cost of 
interpolating many values, such a procedure was deemed infeasible. If data is 
more available and/or the interpolated data set will be used for many runs, 
then interpolation is desirable. For the Garat study, two stations were used, 
Owyhee, Nevada and Twin Falls, Idaho. Owyhee was closest to the site. 
Evaporation and wind were obtained from Twin Falls to supplement the Owyhee 
data. Wind was apparently not recorded during the winter when evaporation was 
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absent. The greater internal consistency of the Twin Falls data eventually 
dictated that it be used in preference to the Owyhee data. 


Solar radiation is only measured at widely scattered weather stations. 
For this reason a method was used which allows solar radiation to be 
predicted. Capiel (1970) showed that open pan evaporation can be predicted 
based on solar radiation, wind, and air temperature. He reasoned that this 
process could be turned around to predict solar radiation for stations not 
measuring it. This was done and the resulting equation was found to be highly 
reliable for many parts of the world, including desert in Israel. This 
equation was used to predict solar radiation in mm of equivalent evaporation: 


Bees HC, 5) ol icrise 8 (c,h amaeie (cr Mma Cer meg Can) ugLens) 
This value is then converted from nm of equivalent evaporation to Langleys: 
Z(C,7) = Z(C,7) - 51.9747 


The values produced by this technique are most valid in hot climates. The 
combination of cold temperatures, low evaporation, and wind can, however, 
produce anomalous results in the winter in climates typical of sagebrush. For 
this reason, shortwave radiation produced by the above equation is constrained 
such that the minimum value produced is 75 ly. The fact that wind was not 
measured during the winter actually makes the prediction of solar radiation 
better. 


4.1.2 Elevation Adjustments 


in mountainous terrain elevation has a major effect on local temperatures 
and rainfall. Other climatic variables are affected to a lesser degree or in 
a less predictable fashion (e-g., wind). However, in the Northern Rockies, 
topography interacts with elevation in a complex fashion, rendering simple 
elevation adjustments invalid (Daubenmire 1980). On the Garat allotment, air 
rising over mountains near the allotment causes increased rainfall on the 
northern and eastern pastures, even though the whole allotment is essentially 
the same elevation. Thus, it is necessary to assign pseudoelevations to each 
pasture to allow the use of the elevation adjustment feature present in the 
model. 


The adjustment feature assumes that the temperature lapse rate is a 
linear function of elevation. 


li Goat) ae EA Gralea Vu(G2yeee vet 1.0%, &) 


This equation gives the percent change per thousand feet gain for temperatures 
expressed in degrees kelvin. It is assumed for the Garat that temperature 
differences are minimal so this equation has no effect. Average yearly 
rainfall for the Garat ranges from 21.59 cm in the southwest to 36.83 cm in 
the east and north. If we model this as being due to a 500 foot elevation 
difference, we obtain the values in Table 8.1 for P(c,3) and Paice 4e 
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If no temperature or rainfall lapse rates are desired, P C,1) and hee 3) 
should be set equal to 1.0 and Pic ,2) and Pic, 4) set dais to 0.0. 
Similarly, total rainfall may be increased by setting P C,1) 8reater than 
1.0. In this way, also, water seepage into an ERU can be simulated by 
increasing the elevation. 

The potential evaporation (pan evaporation, | C,1 ) can vary with air 
temperature for each ERU. The equation used to adjust evaporation is (Capiel 
1970): . 


Z(c,7) = 0-001 = (P(c,9) + Zc, 7) + 51-9747 + Pic toy © Zic,5) + P(c,11) 
» Zic,4) + Pic, 12)) 


where 0.001 converts mm to m and 51.9747 converts nm of evaporation to 
langleys. 


4.2 Abiotic Processes 


4.2.1 Soil Temperature 


The currency is calories. Temperature, in degrees centigrade, is cal-— 
culated based upon volumetric heat capacities. The processes considered 
include the following, as diagrammed in Fig. 3.1: 


1) Shortwave radiation 

2) Net longwave radiation 

3) Vaporization loss from soil surface 

4) Heat conduction from soi! layer i to layer j 


Heat may enter or leave the system through three separate processes. Two 
of these processes, shortwave radiation and longwave radiation, influence the 
temperature of the surface soil, while de xn conduction influences the lower 
soil layer temperature. 


Shortwave Radiation. Shortwave radiation is considered to be that short-— 
wave radiation which is absorbed by the surface soil. Therefore, reductions 
are made in the total incoming shortwave radiation due to the soil albedo and 
floral cover (Fig. 4.1b). 


Pern), S2es7) 9” hh osoBi9 3%) weal Thee Es Pia heii g 


Vaporization. Vaporization refers to the heat lost from the surface soil 
due to evaporation of soil water (Fig. 4.1c). The amount of energy required 
for vaporization is assumed to be directly related to the daily mean air 
temperature (Masterton 1969). 


Graeme Me ACULLI Aww bik Dai ri yes gid 


Longwave Radiation. Longwave radiation from the surface soil is a func-— 
tion of the daily mean air temperature and the temperature of the surface soil 
(Fig. 4.1a). If the soil is cooler than the air, the soi! will lose heat in 
the form of longwave radiation. Otherwise, the soil will gain heat. It is 
assumed that the earth acts as a constant grey body (de Vries 1975, Van Wijk 
1963) % 





Net Longwave Flux of Soil (ly) 
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Figure 4.1. 


\ 


Ambient Temverature (°C) 


Major pathways of heat entering or exiting the surface soil 
layer. a) Longwave radiation as a function of the difference 
between the soil temperature and the ambient temperature 

b) Shortwave radiation reduced by plant cover c) Vaporization 
eneray as a function of ambient temperature. 
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In order to determine the results of these flows, the heat capacity of a 
soil layer is calculated. Heat capacity is a function of three major soil 
components; mineral, water, and organic; and the thickness of the layer of 
soil. The distribution of these components is assumed to be homogenous. 
Volumetric heat capacity is determined from the specific heats and specific 
densities of these components (deVries 1975, Van Wijk 1963). 


U1 ,1) = Proy4y ETE aie Pie a tea erie tae 


X (93). EOP ete yt 1 iad Jawa amar 


Another important characteristic of the soil is its volumetric thermal 
conductivity. Like heat capacity, it is a function of the three major soil 
components and their individual conductivities (deVries 1975, Van Wijk 1963). 


li 2on CClSdee ob ites taeda Glee emer Boa) 


Conduction. Conduction, although relatively slow, is the major pathway 
of heat flow within the soil. It is assumed that horizontal conduction is 
self—compensating so that net conduction flows only in the vertical direction 
toward the cooler soil layer, either above or below. Thus, conduction is a 
function of the difference in soil layer temperatures, the thermal conduc-— 
tivity of the soil layers, and the distance the heat must flow (Fig. 4.2). 
The parent material is assumed to have a constant temperature during a 
simulation run and, thus, can act as both a source and a sink (Van Wijk 
1963). 


Fv,4) = 11,2) Xa) 7 Xcteepee Repo Boro ay) eed 
where "j" indicates a soil layer. 
The temperature of any soil layer is a function of its previous tempera-— 


ture, the net flux and the heat capacity of the entire layer (Van Wijk 1963). 
For soil layers below the surface, Rall F(1,2) and F(1,3) equal zero. 
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where "t" jndicates a time step. 


4.2.2 Soil Moisture 


The currency is meters (or cubic meters) of water. The processes con- 
sidered include the following, as diagrammed in Fig. 3.1: 
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Figure 4.2. 


Soil Density (gm em™3) 


Effects of soil components upon heat conduction 
through the soil. a) Volumetric water content 
b) Volumetric organic matter content c) Density 
of soil mineral content. 
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1) Total daily rainfall 

2) Rainfall intercepted by plants 
3) Total daily snowfall 

4) Snow melt water 

5) Runoff to channel 


6) Infiltration to surface soil layer 
7) Percolation from depth i to depth j 
8) Evaporation from surface soil layer 


9) Transpiration by plant roots from soil depth i 
10) Water moving from stream channels 
11) Water accumulator in groundwater supply 


Water enters the system as precipitation. There is currently no 
provision for run-on from adjacent land units, although the model structure is 
set up to allow incorporation of such a feature. 


Precipitation. Rainfall and snowfall represent the same amount of pre- 
cipitation in different physical states. If the temperature.is below a given 
threshold, the precipitation is assumed (Fig. 4.3b) to occur as snowfall. The 
depth of the snow is a function of the snow moisture content. At the current 


time, all snowfall is assumed to fall on the soil surface (Dougal 1971). 
Ria 3 yap bbl a) iki AAG) 
B(2,1) > 4 (676); 


F = 17 - P ; . 
ey z mex: (2,13)> if Z(c,3) £ P(2,14) 


Snow melt. Snow melt is assumed to be directly influenced by mean air 
temperature (Fig. 4.3a). The melt water is added to the surface retained 
water and an appropriate snow depth is subtracted (Dougal 1971). 


F (2,4) 7)P 92,9) 214g; sue Peaetoy lit gat Zi crave yay iG) 
F2jay =90<0; if Zc. gy < F(a, 10) 
X(Qpp pear e(2saj Aan ayay Tez, 13) 


Interception. Interception of rainfall by vegetation (Figs. 4.4-4.8) is 
a function of plant cover and precipitation. Each plant category, i.e., 
litter, grasses, forbs, shrubs, and trees, has an assigned interception stor-— 
age capacity and a coefficient of evaporation. The values of these factors 
were determined from regressions found in the literature. The interception 
storage capacity is modified by the amount of precipitation. For simplicity, 
snow is not intercepted at present (Zinke 1967, USFS 1968, Couturier 1973). 


(2,9) = Pidetbetal end’ *Riay SG ,Ojiemmeat an ake 


F (2,2) Fal (anid Yo" Vespteh, vu s(4(Cp6 henal tao vee tien GP 


The majority of the water flows within the soil are functions of the soil 
water potential (or matric potential) and the volumetric water content of the 
different soil layers. The hydraulic conductivity and the hydraulic suction 
head potential are calculated from water potential and volumetric content. 


Interception (m 


Snow Melt (m) 


0.6 
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Figure 4.3. a) Snow melt as a function of ambient temperature. 
b) Depth of snow cover as a function of precipitation. 
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Figure 4,8, Rainfall intercepted by tree cover 
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Matric potential is calculated from regression equations as a function of 
soil type and volumetric water content (Fig. 4.9-4.10) (Cole 1976, Hillel 
1977). The depth of soil layers containing stones is reduced in direct 
proportion to the percent of stones. It is this depth which is used in all 
calculations. 


U2 Si) eas (2, 3 \i meer Oa) 

1¢2,2) = 0.3 - [(0.6 = 1(9,4)) + (0.6 = P(o,9))); 
if Poa,2) > 1¢2,1) 

V2 2) 0s Oe Set 2a Po) al ol mer ena aol aca ed I 
LOGE 7 Ah ee ap un oo) 

D2 Jered Ont 2 Onde li( Bo 4) Sot oes (P(2,4) - P(2,5))]5 
(leat 2,, Simmer 2h] ye 2,4) 


The hydraulic suction head is directly related to the soil water poten— 
tial and the thickness of the soil layer (Hillel 1977). 


N23 je e252 eal 0g 4) 


The hydraulic conductivity is a function of the conductivity at satura- 
tion and the volumetric water content (Fig. 4.11). It is weighted by the 
water potentials of the soil layers (Hillel 1977, Van Wijk 1963). 

a ‘ 1/2). ot jet 1/2] 
ORAS P 2) 2 ee CR) Nee yam eS he (252) 
j= j=1 


The average hydraulic conductivity is also weighted by the thickness of 
the soil layers (Jackson 1972). 


PZ, 5) WN Qala pean ht 1O;eeeq ene, 5), ont 10,4) (0) 
+ (P(10,4);_4 * P(10,4);) 


Infiltration. Infiltration from the water retained on the surface to the 
surface soil is a function of the matric potential, hydraulic suction head, 
hydraulic conductivity, and soil layer thickness. A maximum infiltration rate 
is calculated (Fig. 4.12) which is modified by the amount of cover (Fig. 
4.11). It is assumed that ground cover increases the infiltration rate by 
preventing the soil structure from being disturbed from the impact of rain 
drops. The minimum infiltration rate is assumed to equal the hydraulic con- 
ductivity at saturation (Hillel 1977). 
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Figure 4.9, 
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Matric potential as a function of volumetric water content 
for three soil types a) sandclay b) siltsand c) sand. 
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Figure 4.10, 
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Effect of flora cover on infiltration rate and hydraulic 


conductivity as a function of volumetric water content 


for six soil types. 


A. Sandclay infiltration rate, 
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rate,..D.. Clay; hydraulic) conductivity, &. SiJtsand tng ide 
tration rate, F. Siltsand hydraulic conductivity, G. Sand 
infiltration rate, H. Sand hydraulic conductivity, 

|. Claysilt infiltration rate, J. Claysilt hydraulic icon= 
ductivity, K. Silt infiltration rate, and L. Silt hydraulic 
conductivity. 














Infiltration Rate (m/sec) 


Infiltration Rate (m/sec) 


38) 


fav] wo 
= (=} 
3 E o 
= 
> 
o ae = 
7 oO =~ 79 
oO he ie) 
=) = Vr 
x 5 % 
= ra 
© (3) 2 
= a 
oO 
SS 
Ve) 
> 
ais, 
(=) oO 
Oo oS 
%.00 0.u0 0.80 o 
Total Flora Cover (%) 
SILTSAND 
5 z 
4 S 
G 
S 
5 ae 
2 oa) ae 
ee 0 cS 
e&) He C 
| C ee 
OK 
S poe 
2 es 
= a 
= 
co 
x 
& 
aks 
=) = 
Oo s 
0.00 0.40 0.60 ia fle 
Total Flora Cover (%) 


Figure 4.11. 
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Percolation. Percolation transfers water from one soil fayer to the 
lower soil layer. However, it can also draw water up if the hydraulic suction 
head is greater for the upper soil layer. Percolation is also related to the 
average hydraulic conductivity and the distance between soil layer midpoints 


(Hillel 1977). 


(2,8) 1213), oh 2n3) pane’ a! (2.8 late (Paosa yer Braog anys) 
Evaporation. Evaporation is calculated based on potential evaporation 
(open pan), surface soi! moisture, and plant cover. 


Plant cover is assumed to reduce evaporation. A unit of soil covered by 
vegetation is, however, considered to be capable of transpiration. Thus, 
potential evaporation is divided between bare soil and covered soil. 
Evaporation occurs from bare soil where the rate per day is 


Seiya oe LC yds) eth..0 iz 1(3,13)) : Ura) + P(2,2)'/?) 


Total potential transpiration is then based on the potential rate per 
unit of live cover. 


A) retlal Gal John is ALS) 


Transpiration. Transpiration from each soil layer is the sum of tran-— 
spiration losses due to each plant group. For any particular group, tran— 
spiration per unit area of cover is equal to potential transpiration when 
water is not limiting. As the soil water potential in the wettest zone con- 
taining roots becomes larger negatively, transpiration is reduced until it 
becomes zero at the plant wilting point. AII water transpired by a species is 
taken from the zone with the smaller negative potential (Detling et al. 1978). 
The surface soil layer is too thin to be used in computing plant potentials 
except for seedlings. 


lt is assumed that when snow is present all plants smaller than large 
shrubs do not transpire. This is because nearly all of such plants will be 
buried in snow and the small portions that might protrude would be cooled by 
the snow to such a degree that no transpiration would occur. Trees and large 
shrubs do transpire during periods with snow if the potential rate of tran-—- 
spiration is non-zero. 


R : | 
Pr 2e9)ao LE, wet 3y 28) os 1(3,13), * exp(P/3,4) - '(3,10),)] 
r = 2 


4.3 Biotic Processes 


4.3.1 Terrestrial Floral Processes 


In the numerical model there are five floral currencies: tree cover, 
herbaceous plant biomass per unit area, shrub biomass per individual plant, 
numbers of shrubs per unit area, and amount of litter per unit area. The 


degree of resolution varies according to the currency. For example, tree 
cover, litter, and shrub numbers have a coarse degree of resolution, while 
herbaceous plant biomass and shrub biomass have a greater degree of 
resolution. This greater degree of resolution is needed to model plant 
responses to management practices. 


4.3.1.1 Variable Timesteps: The Active Days Concept 


Since plants are strongly affected by climatic and abiotic variables, 
implementation of a timestep longer than that used in the abiotic section of 
the model involves averaging the relevant abiotic variables. This averaging 
process not only involves a loss of information but may actually be mis— 
leading. For example, if air temperatures are averaged for a week during 
which there are five moderately warm days and two very cold days, the 
resulting average may be lower than the minimum required for photosynthesis, 
although photosynthesis would have occurred on the five warm days but not on 
the cold days. 


The active days concept conserves the maximum amount of information 
during the averaging process. Active days calculations for aboveground plant 
parts illustrate the concept. If the mean air temperature is above the photo-— 
synthetic minimum, the water potential in the wettest soil layer with roots is 
greater than the wilting point, and there is no snow, then 1 (3auBilie 


Vas (3,16) is incremented and that day's values are added to the variables 
(3,19), 1(3,20)> 1 (3521 de and !(3,10)+ In this way, days too extreme for 
photosynthesis to occur do not atitrse the average. 


. 


There are four counters in the model for types of days. | 3, 18)e des-— 
cribed above, is used for photosynthesis and translocation calculations. 1(3.,23) 
keeps track of the number of days below the wilting point. (3,24 Zives 
the severity of the drought. This information is used in calculating mortality. 
N34 25.) keeps track of days during which «oil layer j is below the wilting 
point. This information is used for root mortality. 


In this model, the state variables are updated by adding the product of 
daily flows multipled by the timestep. For plants, the days of activity act 
as the timestep. The three types of active days result in different timesteps 
for different flows. For example, given a model timestep of seven days, if a 
cold spell results in one day warm enough for photosynthesis, while the soil 
is warm and wet the entire week, the flow for photosynthesis per day is 
mu!ltipled by one and the root mortality flows are multipled by zero. 


4.3.1.2 Cover and Leaf Area 
Cover and leaf area are important components of plants in the model. 


Cover is used to determine the proportion of potential evapotranspiration 
accounted for by bare soil, for allocating transpiration among species, and 


for calculating rainfall interception. Trees are modeled in units of cover. 
Cover must be calculated for other species based on leaf biomass. Regression 
equations were obtained from the literature. Shrub cover was taken from 


Rittenhouse and Sneva (1977) for sagebrush, which is used as representative of 
all sagebrush ecosystem shrubs: 











aS 
I(3, 14) = 001004969433 . X/4 4)!-076426265 . X(7,1) 


Cover equations for forbs and grasses are from Payne (1974). Payne's 
equations have been adjusted for plot size and units of cover. Live and 
standing dead cover are based on the same equations. Live and standing dead 
cover are based on the same equations. 


For forbs: 
(3,14) = 0.002 + 0.00354 . X(3,3) 
For warm-season grasses: 
(3,14) = 0.0078 + 0.0052 .- X(3,3) 
For cool—season grasses: 
1(3,14) = 0.0076 . X(3, 3) 
For cool—season annual grasses: 
(3,14) = 0.0004 + 0.0047 .- X(3,3) 
For litter: 
(3,15) = 0.005 - X(6,1) 
For the cool-season grass equation the intercept was altered from -—0.0034 to 
0. Cover per species is then adjusted to be a percent of the total live 


cover, which does not exceed 100%. Total cover is cover based on live plus 
standing dead biomass and litter. 


Leaf area is calculated as a constant percent of leaf biomass: 


ML BHAT ONE (8 20 \arw | 303 | 


Leaf area is used in photosynthesis to calculate the shading leaf area 
over a plant, which reduces photosynthesis. Taller plants shade lower ones 
and plants in the same stratum shade each other and themselves. The order of 
shading is: TREES > LARGE SHRUBS > FORBS = WARM-SEASON GRASS = COOL-SEASON 
GRASS = COOL-SEASON ANNUAL GRASS > SMALL SHRUBS. 


4.3.1.3 Germination and Extinction 


The model does not assume steady state conditions and the process of 
recovery from disturbance is modeled explicitly. This is achieved by allowing 
species to become established or reestablished on the site. 


Germination is allowed at any time. Certain conditions must be met 
before germination of any species may occur. Snow must not have been present 
for a limited period of time prior to germination. Soil water in the surface 
layer must have been above the wilting point for a similar period of time. 
Also, temperatures must be favorable. 
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Once these conditions are met, the species to germinate are determined by 
examining the sets of parameters. It is assumed that all plants may reach 
all ERU's but may not necessarily be allowed to germinate. If there are any 
species which can inhabit the ERU but are not present, then those species wil! 
germinate. New species begin with arbitrary small amounts of biomass in the 
green, storage, and upper root zone categories. Trees begin with an arbitrary 
small amount of cover. Litter is never allowed to become extinct and thus 
never needs to "germinate". 


Under certain conditions, plant species may become extinct within an ERU 
during the simulation. There are several conditions that cause extinction in 
the model. If the population of both size classes of shrubs is zero, the 
species becomes extinct. For shrubs and herbaceous species, the absence of 
green and storage biomass or the absence of roots removes all possibility of 
photosynthesis and signals extinction. Trees with zero cover also become 
extinct. When a plant species becomes extinct in an ERU, all woody, standing 
dead, and green biomass for that species is transferred to litter. 


4.3.1.4 Phenology 


There are three phenological states considered in the model: seedling 
status, dormancy, and season of leaf fall. After a species enters an ERU via 
the germination function, it remains a seedling for 40 days. While a plant is 


a seedling it has roots only in the top soil layer. In this way, the greater 
sensitivity of seedlings to drought is simulated in a simple manner. If the 
user defines the site so that the second soil layer is very deep, seedlings 
will not be drought sensitive, and some model realism will be lost. 


Plants are dormant during the winter season, which is defined by date 
rather than by temperature. Dormant plants do not attempt translocation. 
Translocation activity is reduced by three-fourths in the autumn. 


Leaf fall for shrubs is defined to occur on a particular date in the 
fall. It is a pulse event, occuring entirely on the given date, rather than 
over a period of time. 


4.3.1.5 Tree Processes 


The currency is cover of trees. The units are square meters per square 
meter. Only four kinds of flows are involved, as diagrammed in Fig. 3.2: 


1) growth of cover 
2) loss of cover 
3) harvest loss 

4) fire loss 





Growth of cover. Cover growth is based on site quality, current site 
fertility, and current cover. The maximum cover attainable by a species on an 
ERU (1(5,1)) is a user input value. This maximum is adjusted by the 
Current site fertility (1(3,5))- The growth ra is a modified logistic in te 
which the asymptote is the product of maximum cover and fertility: 
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e(ah) P1eG5 el) aon (oaiiys Gl tae5) +! (Sea lee Xiu eteehisanshen | (5,1) 


The growth rate parameter (P (5 ,3)) was calculated by hand to match qual i- 
tative literature discussions of growth rates of pinyon and juniper. 


Cover-—weight relationships for pinyon and juniper were obtained from 
Meeuwig et al. (1979). Meeuwig showed that this relationship is nearly inde- 
pendent of crown size or tree age. Since tree cover is the state variable, 
leaf area index and leaf biomass are obtained as intermediate variables based 
on aerial cover from data in Meeuwig et al. (1979). 


Loss of Cover. Cover loss represents natural mortality. 


Harvest and Fire Loss. Harvest loss and fire loss are functions of the 
intensity of harvest and fire events respectively. 


Litter fall rates for trees are based on an assumed 3 year life span for 
needles of pinyon and juniper. The daily turnover rate is then: 


P(5,6) = 1.0 + (3 ° 365) 
4.3.1.6 Herbaceous and Shrub Processes 


The currency is grams dry weight of biomass per plant for shrubs and 
grams dry weight per square meter for herbaceous species. As shown in Fig. 
3.2, the following processes are considered: 


) photosynthesis 
2) respiration 
3) translocation 
4) death of plant parts 
5) grazing 


Plant biomass arises through photosynthesis into a storage organ of the 
plant. There translocation carries biomass into roots or shoots. Death and 
respiration are possible for all root and shoot components. Fire loss may 
claim shoots or standing dead, and shattering may also remove standing dead. 
The shattering and death losses lead to an increase of litter. 


Photosynthesis. Daytime net photosynthesis is calculated as a function 
of leaf area, site fertility, availability of soil water, mean temperature, 
and hours of daylight (Fig. 4.13-4.14). Leaf area is an intermediate variable, 
derived from biomass. Available water refers to the soil layer with the least 
limiting soil water potential. The photosynthesis equation is-based on the 
concept of optimal conditions for photosynthesis. At temperatures other than 
the optimum, photosynthesis is reduced. Also, soil water potentials less than 
zero reduce photosynthesis. 


Figure 4.13 illustrates the shape of the photosynthesis response. The 
outermost curve represents non-limiting soil water while the inner curves show 
greater water stress. Notice that changing soil water potential alters the 
optimum and maximum temperature and the total amplitude of the response. The 
equations governing photosynthesis are adapted from Detling and Parton (1978). 
All variables for this function are calculated using abiotic variables for 
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active days. The parameters P(3,4)> Ea eo a and P(3,6) were determined 
in such a way that the equation they are used in became very small at the 
wilting point. 


The effect of soil water on maximum rate of photosynthesis is calculated 
as a decreasing exponential truncated at the wilting point: 


(3,2) exp hg ja). S38 \7O))s Ut Ves Lolo (3,24) 
AL if 13,10) £ P(3,24) 


where P 3,4 is based on the assumption that at the wilting point, 
stomates are 90% closed: 


P(3,4) = [n(0.1) + P(3,24) 


The maximum temperature at which photosynthesis occurs at field capacity 
is decreased as available water becomes more limiting: 


Foo) ato io): at | So gean (as 10) 


The optimal temperature for photosynthesis follows the same type of 
relationship: 


Vae7 iy eu (antGd “in( 356) oe ( SheO) 


An intermediate variable is then computed: 


P 
1(3,7) ~ Pc3,14j\_. (993? 





L(3y6) — bias 21h) (h(3,21) 2 f(3514)\\) Groyiennetarsm) 
1(3,4) = 1¢3,2) °-||-——————- 
1 (4,6) oh (35 7) Aah nar eee en) 





The form of this equation is illustrated in Figure 4.13. Total photosynthesis 
per day is then calculated from the following equation which includes a re- 
duction factor for the effects of competing shade. 


tle Sets 4 a ees) Oe Sa Lee 2 hey bones ye ba chee) 


ASEH 


Bz 2.) is based on the assumption that 1.0 + P/2 91) produces 

complete shade (McCree and Troughton 1966) and zero net photosynthesis. 
Complete shade should never occur on sagebrush ranges. The fertility 
multiplier adjusts photosynthesis rates for all species to the same degree. 
It adjusts for actual site fertility which is not reflected by the soil 
characterizations in the model, and for the fact that plants do not 
photosynthesize at the maximum rate all day due to variations in light 
intensity and water potentials. | 


Translocation and Respiration. Barnes and Hole (1978) show that a model 
of translocation and respiration developed by Thornley (1977) can be adjusted 
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to a form which corresponds to the standard formulation of growth vs. mainten- 
ance respiration. In Thornley's model maintenance respiration results from 
energy required to maintain degradable components of the plant, largely 
proteins. Barnes and Hole restructure Thornley's model by doing some 
substitutions and get 


ns (1-Y¢) d(W—-We ) a? (1-Yo) kpWp 


¥cG dt YG 


where the first term on the right is growth respiration and the second term is 

maintenance respiration (see Table for term definitions). They conclude that 

Thornley's model provides a sound theoretical basis for the concepts of growth 
and maintenance respiration. However, this formulation of Thorniey's model is 
not satisfactory due to the presence of the derivative on the right hand side. 
A new derivation is thus required. 


TERMS FROM THORNLEY (1977) AND BARNES AND HOLE (1978) 
en Re 


Kp = Instantaneous rate of protein degradation 

kg = Instantaneous growth rate of plant structure 

Pe = Gross photosynthesis rate 

W = Total plant biomass, dry weight 

Wp = Degradable portion of plant, mainly proteins 

Wy = Nondegradable portion of plant, excluding nonstructural 


carbohydrates 
Ws = Nonstructural carbohydrates (storage) 


Yo = Conversion efficiency of carbohydrates into structural 
components 





Beginning with Thornley's model 


dWs = ? gi kGWs + kpWp 
dt 


dt 





Dg 


dt 


the reformulation is achieved by separating the term kGWs into its 

component parts; translocation for new cells and that for maintenance. If we 
assume that degraded proteins must be repaired as a part of cell homeostasis, 
then, with kg now representing only the growth of new cells, the third 
equation remains the same and we get 


dWs = P vue kGWs - kpp ap kpWp 

dt Yo 

dt YG 

R = (1 1G ) kGWs + (1 -Yc) kpWp 

YG 

Canceling terms yields 

dWs = Pp g = kGWs = (1 -Yc) kpWp 

dt pe 

dt 

R= (1-Yg) kes + (1-¥G) kpWp 


1G 


where the last term on the right in the first equation is loss from storage 
directly to respiration. Thus, reformulated, only the growth respiration 
fraction of total respiration is altered from Thornley's model. 


A further assumption can be made that protein content is not highly 
variable and so can be approximated by a constant (seasonally varying) 
percentage of the part of the plant in question. 


If we let Koi be the protein content of plant part i, kj be the rate 
of translocation to plant part i, and subscript the W terms with i, the entire 
model now becomes 


a ps 
dW, = Pg - UkgiWs — 5 (1-Ya) kokp iM 
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dW; = YokgiWs for all i 


dt 


2] 
i 


» (1-¥q) kg i Wg it * (1-Yq) kpky iW; 
Xe 


Some additional considerations involve interpreting Yg and kp 
from Thornley (1977) in terms of the rest of the model used in this report. 
Because net photosynthesis is estimated, rather than gross, all respiration 
terms for green biomass are only calculated for the night hours unless 
photosynthesis is zero in which case maintenance respiration is calculated for 
24 hours. 


It is logical to assume that the protein degradation rate (kp or istic ear 
varies as a function of temperature and water, at least. However, no model 
for these relationships could be located which is compatible with the overall 
model as formulated. Therefore, an initial estimate was made using the values 
for barley and maize in Barnes and Hole (1978). Since their data were for 
nearly optimal growing conditions, the values obtained should be near the 
maximum year long values. Adjustments were made accordingly. 


Conversion efficiency of carbohydrates into structural biomass 
(P (3,25) is given by de Vries (1972) as ranging from .7 to .75 which is 
well within the theoretical limits discussed by Barnes and Hole (1978). 





The protein contents of plant parts (koi) were estimated by season. 
Total protein content values in the literature were separated into structural 
and metabolic fractions (McGill et al. 1981). 


per cent of Nitrogen 


structural netabolic 
roots 46 54 
shoots 35 65 


The metabolic fraction times the total plant protein gave the per cent 
metabolic protein (P(3, 28), P(3,29)» P(4,8))- Seasonal data was 
used where available. Stem percentages were assumed to be the same as for 
roots. Because of the large amount of nonliving wood in older shrubs, root 
and woody protein contents were reduced by a factor of 0.10 for the larger 
size class of shrubs. 

The respiration equation may then be translated into standard notation as 

Capes, 

F (393) . LOTSP (35954 ae R) ats oe Ukr yak 7A eerr ar oayn 

- X¢3,2).* (1-P(3, 253) +1 F[300)) et eee eee eee 
F(3,6) = L((1-P (3, 953) #7 ya595))) eta ay Ria gay 


« X(3 3) tell -Pia- sve F(3,3)] eat 
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F(4,13) a [((1-P (3, 25)) oe P(3,25)) i E37) ° P(4,8)p 
eS (4 aye (1-P (3,25)) ° Ewa a - dt 


The calculation of translocation is a little more complex. First, 
photosynthesis and basal respiration for the current timestep are added to 
storage. Then translocation is computed if storage biomass is larger than 
P 3,13) ° Uihsk en and subtracted from storage. Thus, storage is 
updated twice, reflecting the fact that growth occurs only if there are 
surplus carbohydrates. 


Translocation to structural parts of the plant from the storage organs 
depends upon the amount of material stored, availability of water, and root 
biomass. Because all photosynthate passes through the storage compartment in 
the model before becoming structural materials, the allocation equations are 
particularly important in determining plant proportions and ability to respond 
to grazing. The first step involves the allocation of photosynthate to total 
structural growth (new shoots and roots). This equation is based on Thornley 
(1976) and allocates photosynthate based on the relative amounts of structural 
and storage biomasses. All factors which vary by activity level are 
calculated with '(3,16)° 


Wide hl) coaster Sai] | Vea s( S12) oe Sa) eens ainsi \ momen aa 2.) 


This equation is essentially the Michaelis—Menton function for first order 
kinetics, and represents the rate of translocation as a function of the sink 
strength. 


This total amount of translocate is reduced by limiting soil water (Fig. 
4.17). It is assumed that leaf expansion is more limited than is photosyn- 
thesis by shortage of soil water (Detling and Parton 1978). Thus, under 
limiting soil water, photosynthate accumulates in the storage organs, 
affecting a recharge of materials used during spring growth. 


(303) oe Ona (3 dlOJos eh (shojo ‘ 


The amount translocated is also reduced by sub-optimal temperatures, which 
also affects fall recharge of storage (Fig. 4.16). 


(358 nc (AR Se ORR Zelaya hy ani6) bh (aeiay) =) 2) 
Both of these reduction factors range from zero to one. 

The final rate of translocation to structural biomass is then given by 

L (3511) amr tlt) eee 3S eee 3S eles a 8) 
which is equivalent to the constant term k<W, in Thornley (1977). 

The maximum amount of translocate cannot be so large that storage is 
reduced below a set percentage of the entire plant biomass. This percentage 
is reduced in the spring to allow draw down of reserves. 

The quantity to be translocated is then allocated to shoots and roots 


based on arbitrary relative priorities of growth. These priorities help keep 
plant part proportions within bounds. 
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Once a portion of the total to be translocated is allocated to the roots, 


this amount is divided between the roots in the soil layers based on the 
thickness of the layer and the water potential of the layer. Roots will not 
grow into a soil layer containing a hardpan or into any layer below one with a 


hardpan. A soil free of hardpans may be defined by setting the hardpan depth 
to any number larger than the depth of the C horizon. 


Death of Plant Parts. Death of plant parts may occur due to senescence, 
adverse climate, carbohydrate deficit and perturbations. 


Senescence occurs at a constant nominal death rate of plant part biomass, 
which reflects the average longevity of that part of the plant. The storage 
component is considered to be labile and, therefore, has no death rate. Only 
a small part of the total death of plant part biomass occurs through this 


process. In addition, during summer and autumn, curing causes transfer of 
green to standing dead at a constant rate. The curing parameter should be set 
to zero for high rates of grazing because very little leaf biomass will have 


time to cure before being eaten. 


Drought and cold both cause death of plant parts. Drought causes death 
of green biomass in proportion to the severity and duration of drought below a 
critical moisture stress. 


(338) MPs plopesslyangay) 2thpgyap ee Upalaapas Xya83) 


Cold has a similar effect on death of green biomass: 


F (3,8) — (Fees posh ge aia p20 pmaih is pity pears (33 Rees Ts) 
where 1(3,18) and 1 (3,20) are based on 1(3,17)° 


The effects of cold and drought are additive for green biomass. Woody 
portions are not affected by drought or cold. Roots are affected by drought 
in the same fashion as leaves, but not by temperature, since extreme tempera-— 
tures are rare in the soil. 


An important cause of die-back of plant parts in semiarid regions is 
shortage of carbohydrates. Arid zone perennial plants change size from year 
to year, often shrinking drastically in dry years. This ability to adjust the 
size of the organism is important in arid regions where rainfall varies 
greatly from year to year. Ignoring the homeostatic mechanism of adjusting 
the plant size in response to the carbohydrate energy status of the plant may 
explain the annoying tendency of plant models to "drift" over long periods of 
time. This homeostatic mechanism is implemented during the updating of state 
variables. If the respiration demand would draw carbohydrate reserves below a 
critical minimum, then twice the amount of shortage is taken from green, 
woody, and roots via increased death rates. Thus, the plant shrinks in 
proportion to an energy shortage, while at the same time, reserves are 
gradually used up, causing eventual death. 


Perturbations such as fire, grazing, and herbicides directly remove plant 
parts and may kill the entire plant. These processes are discussed in other 
sections. 
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Grazing. Grazing of plant parts is the sum of grazing losses from all 
animal species. Grazing does not occur without also simulating the animal 
species dynamics. There is no grazing of belowground or storage components. 
The total grazing loss of green biomass, dead biomass and woody biomass for 
each plant species is calculated by the fauna submodel. 


4.3.1.7 Shrub Population Processes 


The currency is numbers of individuals per unit area. The flows as 
diagrammed in Fig. 3.2 are: 


1) recruitment 
2) mortality 
3) fire loss 


There are two size classes of shrubs: those greater than 15 cm high and 
those less than 15 cm high. The two size classes are used to distinguish 
between processes leading to shrub invasion and those allowing mature shrub 
persistence. Small shrubs must compete directly with grass and forbs for 
light and water due to their small size and shallow rooting depths. Larger 
shrubs have a height advantage over herbaceous species and can draw water from 
deep layers inaccessible to herbs. Thus, large shrubs may be in normal 
condition, while shrub seedlings are unable to become established. 


Recruitment. Recruitment of smal! shrubs depends on the availability of 


water in the top soil layer, air temperature and the lack of competing 
vegetation (Fig. 4.18-4.20). These relationships are given by 


1 (4,1) =P (4,2) *) (VsO Oe Mes 10) Ota eas 
1'(4,2) = exp(P(4,3) ° 1(3,9)) 
G4, SyI20 Banh 3 Prey eo ope io Ty) ten Pies ay P(3,14)) 
PCM Yahe ei Ceri ye yeis 0: 
where dt indicates a time step. 
Recruitment of large shrubs begins when small shrubs reach a threshold 
size. An arbitrary percent of the small shrubs graduate to the large class at 


each time step if the threshold size is passed. 


Mortality. Because shrubs are quite long-lived relative to the length of 


model runs, large shrub natural mortality will usually be near zero. Small 
shrubs will suffer mortality from drought and competition. Mortality to both 
classes will occur due to herbicide application. 

Fire Loss. Fire loss will affect both size classes. Sagebrush, for 


example, is fire-sensitive and almost al! shrubs would be eliminated by a 
fire. 
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4.3.2 Litter Processes 


The currency is grams per square meter of combined plant and animal 
litter. The different flows considered are, as diagrammed in Fig. 3.2: 


1) input of herb shattering 

2) input of shrub shattering 

3) input of tree needle and twigs 
4) input of feces 

5) input of dead animals 

6) decomposition 

TO sfirew) oss 


Inputs. Inputs from plant compartments to litter are described in the 
previous sections, except for inputs of tree needles and twigs. For simpli- 
city, tree litter fall is modeled as a constant rate such that 100% of leaf 
biomass would fall over a 3 year period. 


Decomposition. Decomposition is computed as a respiration function that 
increases exponentially with temperature and decreases linearly with water 
stress. The temperature and moisture potential used are those of the top soil 
layer, since the oldest and wettest litter occurs at the soil surface and 
decomposition proceeds fastest there. 


Fire. Fire removes some proportion of the litter when it occurs. 


4.3.3 Terrestrial Fauna Processes 


The fauna simulation submodel has two components, a "typical individual" 
biomass component and a total population component. — 


The biomass component allows simulation of general animal condition and 
energetics and provides feedback to the population dynamics component. Also, 
it allows a more mechanistic approach to be used in simulating the interaction 
of fauna and flora populations or predator and prey populations. 


The population component simulates total population dynamics over both 
time and space. For the more "important" species, additional resolution is 
obtained by dividing the population into cohorts of sex and age classes. 
Likewise, additional typical individuals are simulated for each cohort. The 
possible chorts are combinations of female, male and mature, immature or 
juvenile age classes. The least resolution permitted is a mature female 
cohort. 


The major animal classes represented are Mammalia, Aves, Reptilia, 
Amphibia, Pices, Crustacea, and Insecta. Within these classes, key species 
are selected for simulation based upon their value to man or their role in the 
ecosystem. Since not all species can be simulated, the species selected are 
considered to be characteristic of a grouping of species. The species 
currently considered for the simulation are: 


1. Mule deer (ruminant) 
2. Pronghorn (ruminant) 
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Se ME Lk (ruminant) 

4. Cottontail (small herbivore) 

5. Coyote (manmalian predator) 

6. Chipmunk (rodent) 

7. Cattle (domestic livestock) 

8. Sheep (domestic livestock) 

9. Horse (domestic & feral livestock) 
10. Burro (domestic & feral livestock) 
11. Red-tailed hawk (avian predator) 

12. Magpie (avian omnivore) 
13. Sage Grouse (upland game bird) 
14. Sagebrush lizard (reptile) 

15. Crayfish (crustacean) 

16. Grasshopper (insect) 


4.3.3.1 Biomass Processes 


The currency is kilograms of live body weight per individual organism of 
the appropriate sex-age cohort. Several biomass flows may be calculated for 
each simulated species cohort. For many of the species, the calculations are 
identical except for changes in parameters. The flows diagrammed in Fig. 3.3 
are: 


1) Consumption by individuals of a cohort 

2) Natality of youngest—cohort individual 

3) Recruitment/maturation from younger cohort 

4) Immigration/emigration by individuals of a cohort 
5) Mortality of individuals of a cohort 

6) Decomposition of dead animals 


Consumption. Consumption represents the total amount of food biomass 
consumed by a cohort based upon the metabolic needs of a typical individual 
(Lasiewski 1967, McNab 1979). These metabolic needs are divided into four 
constituents. The first three are calculated from regression equations 
developed by Wunder (1975). 


First, the basal metabolic need refers to the minimum energy requirement 
for the maintenance of normal body functions. This need is assumed to be an 
allometric function of the individual's weight and also depends upon its 
taxonomic class (Zar 1968, Kendeigh 1970) (Fig. 4.21). 


Epiige (Sot eek Beoy ee [X¢g,1) 1" (853) 


Second, the thermal metabolic need is the energy required for maintenance 
of body temperature. This need is of minor importance to poikilotherms. It 
is assumed that the amount of energy needed for thermal regulation is equal to 
the amount of heat energy either lost or gained by the body due to conduc-— 
tance. Thus, it assumes that an equal amount of energy is required to cool or 
warm an animal. This flux is influenced by the difference between the ambient 
temperature and the body's critical temperature, which is influenced by its 
insulation capacity (Herreid 1967, McNab 1970, Wunder 1975, Kendeigh 1969) 
(Fig. 4.22-4.23) 
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1(g,2) = P(a,4) + (X(8,1)1F (8,3) 
fees) (See) 618, 5) - (Xg,1) 1? (857) 
1¢8,4) = 1 (8,2) © 268 (1(8,3) ~ 2(c,3)) 


Third, the metabolic need for activity and locomotion presently considers 
only movement in a horizontal plane at an average hourly velocity. Movement 
is based upon the animal's daily range and dispersal distance (Fig. 4.24). 


Me elon ioe hee. (852) 


1(8,7) = 1(8,6) * P88) * [Xca,i)}P (8,9) 


Fourth, the metabolic need for an individual's body growth is based upon 
a Brody growth curve (Brody 1945, Humphreys 1979, Ricklefs 1967) (Fig. 4.25). 


Teepe CRG nee) OMe ashes alps (hig, rye (94 5) )0) 


The difference between the individual's expected weight and current body 
weight is converted to calories of energy. These calories are added to the 
three base metabolisms to determine total daily caloric requirements. 
Although an individual may attempt to obtain compensatory weight gain, the 
growth rate is still limited by the assimilation conversion efficiency 
(Milchunas et al. 1978). 


NN = SEES X(a,1)) * P(8,13) 


The total metabolic need is the sum of these four constituents. 


Hecate ye ET rp OCR 


't is assumed that an animal will always attempt to obtain enough energy 
for growth, although this attempt will not always be successful. 


Foods are allocated on the basis of total demand and total availability 
(Watt 1968). Total demand is presently calculated from the amount of a food 
which would be needed to supply the total energy demand and its relative 
desirability or preference. A food's digestibility and caloric content are 
important in determining the amount needed. to supply the energy demand. 


Piss tiyces (sy 20y emer (es Osea (eats) a P(g,19)) 


Total availability has different meanings for the various food items 
which can be consumed. For woody flora species, availability includes green 
biomass and that portion of woody twigs which are palatable. For herbaceous 
species, it includes green biomass and a portion of standing dead. For fauna 
species, availability includes the biomass of all cohorts, but the younger 
cohorts are assumed to receive a much greater proportion of the predation. 


For woody floral species: 


1(g,12) = (X(4,5) * P(g,12) * X(4,4)) * X(7,4) 


where "q" indicates the size class of the shrub. 





Figure 4.25. 


ANIMAL PREDICTED BODY WEIGHT (gm) 


*10° 


105..00 


35.00 70.00 


9.00 
° 
oO 


10.00 20.09 30.00 u0.00 
x10 


ANIMAL AGE (days) 
Animal growth rate (based upon a maximum 


weight of 100,000 gm and a life expectancy 
of 1,825 days). 

















OZ 


7\ 


For herbaceous floral species: 


UPRad 2h (Soe a (304) 


For fauna species: 


Wee y ies entra y Seca ait 


Availability is reduced by snow. If snow depth is greater than plant 
height then the maximum reduction occurs. This maximum is set at 50% because 
animals can dig and burrow to find forage covered by snow. Hibernating 
animals are not available as food. 


Conversions are made to determine the total availability within the 


consumer's foraging or hunting range proportional to the acreage of the ERU 
Burge et al. 1973). 


bya 2) 3 dabei 2 i BO mies hO5 1) 


1¢a,2) = (P(9,7) + X(10,1) ° dt + $1 (8,124 FF P¢9,7) * (10,1) 


lf the available biomass of a species is less than the demand for it, 
then its relative abundance is reduced proportionally. 
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where "s" indicates consumer species. 


Relative scarcity reflects the likelihood of a consumer species finding 
the amount of forage or prey desired while competing with other consumer 
species for the same food, a limited resource (Fig. 4.26-4. 28). 


(8,14) = exp (ley Sie.) a 1(8,12)) 


Thus, the amount of a forage or prey species allocated to a consumer 
species is a function of the amount desired, its relative abundance, and its 
relative scarcity. 


epi sete Lips. 1 eeumay( 8.13) 1(8,14) 


It is assumed that the diet preference of the consumer species is 
constant over a season and does not change with forage or prey availability. 
Thus, when a desired species is not available, the consumer species will be 
forced to move to a different location rather than vary its diet. The value 
of the diet preference parameter must be determined prior to the simulation 
based upon the plant species chosen for simulation. Therefore, it more truly 
represents seasonal relative diet preference between simulated plant species. 
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Figure 4.28. Habitat Condition Index for snow cover 


(based upon a critical depth of 50 cm). 
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Figure 4.29. 
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Assimilation, as used in the model, may apply to either anabolism or 


catabolism. As previously mentioned, an animal will attempt to consume enough 
food for growth. Any energy acquired above the amount needed for basal, 
thermal, and activity metabolisms will be used in anabolism. However, if 


insufficient energy is acquired, the animal catabolizes body tissue to offset 
the insufficiency. An animal is assumed to die if it has catabolized more 
than 30% of its maximum attained body tissue (Nagy et al. 1974). 


RS 


(8,16) = 2 (1(8,15)_5 * P(8,18) + P(8,19)) - 1(8,9)¢5 
rs= 


where "rs" indicates the food species consumed. 


(Set )o 0! (8516) - P(g,13) > P(g,18); if 1(g,16) 2 0.0 


RO eG) qe eae Mech aie een 0) oles 
Natalit recruitment, immigration, emigration, and mortality. Within 
the context of individual biomass, these processes are basically accounting 
functions that are reflections of corresponding population processes. Shifts 
in the weight of the "typical" individual assume that the weights within the 
cohort population are normally distributed. 


Decomposition. Decomposition of dead animals presently occurs at a 
similar rate to other litter decomposition. Decomposed carcass weights are 
added to the litter biomass. 


4.3.3.2 Population Processes 


The currency is number of individuals of a sex-age cohort for each fauna 
species. Like the biomass processes, population flows may be calculated for 
each species cohort simulated and many of the calculations are identical 
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except for changes in the cohort's parameters. As shown in Fig. 3.3, the 
processes are: 


1) Natality of youngest cohort population 

2) Recruitment/maturation of younger—cohort population 
3) Immigration/emigration of cohort population 

4) Mortality of cohort population 


Natality. Natality is controlled by time. It is a function of the 
number of mature females in the population, their condition as indicated by 
body weight and species specific reproduction parameters. The sex ratio of 
newborns is assumed to be 1:1 (Tanner 1966). 


F(9,1) 70-50 + Nyg75) =P (9 syrah (ey amen oto) ee 


Natality is reduced linearly based on the mother's weight, becoming O at 
a weight corresponding to (1-P(g,22)) times the mature female weight. The 
birth weight is a small percentage of the mature weight. 


Recruitment/Maturation. Recruitment and/or maturation may be a function 
of time, weight or both depending upon the species. It is primarily an ac— 
counting function which moves a portion of the younger cohort into the next 
age class. This portion is calculated assuming a normal population age dis— 
tribution (Figs. 4.26 and 4.27). 


A= (1(9,1)n — 1(9,1)n-1) + (2-5071326 - 0.1 - 1(9,1)n) 
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Inmigration/Emigration. Immigration and/or emigration comprise two 


distinct types of movement. The first involves movement between ERUs within a 
township (habitat selection). The second involves movement between ERUs and 
townships (seasonal migrations). This second type of movement has not yet been 
implemented in the computer code, but could follow an approach used by 
regional planners in predicting human population dispersion in relation to job 
locations, shopping centers, schools, etc. (Lee 1973). 


There are three classes of mobility for a species: (1) limited, the 
species is not allowed to move from the ERU in which it resides, (2) local, 
the species may move among suitable ERUs within a township, and (3) regional, 
the species may move among suitable townships, in addition to its local 
movements. In addition, for classes (2) and (3) specific ERU's are defined 
into which movement is permitted. Thus, fences for livestock may result in 
cattle being restricted to 2 ERU's while other animals may move freely between 
all ERU's within a township. In addition, known behaviour of animals such as 
deer may be implemented. For example, if deer stay near the canyons and do 
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not venture to the center of a plateau, the center ERU's can be designated as 
off limits to deer. 


Intra—township or "local" movement represents habitat selection by a 
mobile species. The selection is based upon a series of habitat rating 
indices (Walters et al. 1971, Whitaker et al. 1976). Currently, these indices 
reflect (1) snow conditions, (2) temperature conditions, (3) plant cover 
conditions, (4) food availability, and (5) previous population utilization. 
These indices are calculated in the same manner for all fauna species, however 
the importance of an index to a particular species may vary. Additional 
indices can be added to the determination. 


(1) Snow Conditions (Gilbert et al. 1970) 


(Fig. 4.28) 
ROY au TS 2 Aah 8) 
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(2) Temperature Conditions 
(Figs. 4.29 and 4.30) 
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(3) Plant Cover Conditions 
L 
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where "I" jndicates plant class 


(4) Food Availability 
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(5) Previous Population Utilization 
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Note that all else being equal, animals should have a uniform density 
across the township. 


The habitat rating of an ERU for an animal species is calculated as a 
weighted sum of the condition indices. The weights are the relative 
importance values (0-1) of the index to a particular species. 
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All ERUs within a township are considered to be adjacent to each other 
and accessible to mobile species. Thus, if an ERU (or habitat) can poten- 
tially be utilized by a species, then that ERU is evaluated for the species, 
‘even though the ERU may not be currently inhabited by the species. In this 
way, habitat colonization is permitted. 


The township population is allocated among the ERUs proportionally to 
their relative ratings. 


U 
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where " " indicates specific ERUs. 


Mortality. Mortality involves three types of mortality: natural mortal i- 
ty including starvation, predation mortality, and hunting or man-related 
mortality (Siler 1979). 


Natural mortality also includes death from accidents and diseases. These 
causes are assumed to be fairly constant over time; however they may be 
augmented or diminished by the condition of the "typical" individual, as 
mentioned previously. 


NG 2 yeh 0) 6c (95,1) 

Predation mortality is a result of the consumption processes. The 
younger age classes are assumed to receive larger predation losses than the 
older classes. 

5 
| = 3 E 
(993 k= CLP Io) ay" E 4 (8,15)! X(9,1) 

where "s" indicates the consumer species. 

Hunting is implemented in the submodel as an event, since it is not 
viewed as a natural ecosystem function. It is a function of time, fauna popu- 


lation, human population or hunters, and other environmental factors such as 
snow cover and vegetation cover. 


1(9,4) = X(9,1) * (2(m,3) * 2(M,4)) 


Thus, mortality is the sum of all these factors. 
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4.4 Resource Management 


4.4.1 Discrete Events 


Discrete time events generally represent one time management events, such 
as prescribed burning. Currently, the events which may be selected are: 


1) Fire 

2) Tree harvest 
| Herbicides 

4 Fertilization 


) 
) 
) Revegetation 

) Stocking livestock 
) Livestock removal 
) Herd movement 

) Wildlife hunting 


Fire. Fire is a user-defined event. The user specifies that there will 
be a fire on a certain date and gives the percent burn in terms of an 
"intensity" parameter. If a fire is scheduled when snow is present or if 
there is less than 50 grams of total biomass per m@ present, the fire is 
aborted and an informative message is printed. Litter and herbaceous above- 
ground live and dead biomass and tree cover are reduced by the intensity of 
the fire. An intensity of 1 eliminates all organic matter aboveground. 
Biomass per shrub is not reduced by the fire, but the number of shrubs present 
is reduced. It is assumed that all shrubs present are fire sensitive. Also, 
a fire increases the site fertility, based on the intensity of the fire. 


Tree Harvest. Trees are harvested based on the percent of extant crown 
cover that is to be removed. Cover of all species is removed equally. 
Harvesting an ERU without trees has no effect. Harvesting is a perfectly 
clean operation having no affect on soils, vegetation, or animals. 


Herbicides. Herbicide application is a user-defined event. The 
application is defined in terms of the percent of the shrub population that is 
killed. Shrubs not killed are unaffected by the spraying and retain pre-spray 
vigor. Leaf and woody portions of killed shrubs are transferred to litter. 
All shrub species are affected the same. 


Fertilization. The fertility status has two components: base fertility 
and current fertility. The base fertility can be used to adjust model pro- 
ductivity levels to compensate for site quality differences not accounted for 
by soil texture and depth, slope, elevation, aspect, and precipitation. The 
current fertility reflects changes in the fertility of the site due to fire 
and fertilization of the site. Fire acts as a fertilizing event in proportion 
to the intensity of the fire. A user-input fertilization event is given in 
terms of the percent increase in fertility over the current fertility level. 
Because the fertility affects the photosynthesis rate, doubling the fertility 
causes a doubling of the growth rate which gives far more than double net 
primary production. The current fertility level gradually returns to the base 
level over a period of about three years. 
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Revegetation. When a site is to be revegetated, input data having the 
same format as Flora initial condition data is appended to the event input 
file. In addition, an event with standard form is defined which schedules 
when and where the revegetation is to occur. When the event is scheduled, all 
plants are eliminated from that ERU, storage space is returned to available 
memory, and the new vegetation data is read in. Animals are not affected. 


Stocking Livestock. Stocking and removal of stock are user—defined 


events. The user specifies the specie, the numbers of each cohort and the 
weight of a typical individual of each cohort to be stocked. A specific ERU 
must also be given. The event occurs before simulation of fauna dynamics. 
Animals other than livestock may be added by this routine. Introduction of a 
new species may be simulated in this way. 


Livestock Removal. Animals are removed in the same way. If fewer 
animals are found than it is desired to remove, all animals of that age-sex 
class are removed but no error message is written. 


Herd Movement. Animals of any species may be moved between ERU's in any 
township. The user only specifies the species, the current location of the 
animals, and the destination. All animals are removed from the location and 
averaged into the population (if any) found at the destination. 


Rotation or other grazing systems may be defined by a sequence of 
movement events. Attempting to move animals that are not present cancels the 
event and an error message is written. | 


It is also possible to use this event to schedule animal migrations. 
Because no animals can move between townships, if land units are defined in 
different townships then deer (or other animals) will not be able to return 
once they are moved. If it is desired that deer be able to move freely during 
most of the year but it is known that they avoid an ERU during a certain 
season (due to disturbance perhaps), then they can be moved to an adjacent ERU 
at each timestep during that season. This is not very efficient but does show 
the flexibility allowed by the model. 


Hunting Wildlife. Hunting seasons are user-defined events. The user 
specifies the location, the Opening day, the season length, the species hunted 


and the predicted success ratio and wounding loss. The total number of 
animals harvested during the season is divided evenly among the involved time 
steps. Like stocking, this event occurs before simulation of fauna dynamics. 


4.4.2 Continuous Events 


Continuous events are those management influenced factors that occur 
essentially continuously. These would include human disturbance. These 
factors are handled as pseudo-—driving variables and are read in every time 
step rather than being handled by the event scheduler. Human disturbance is 
conceptualized as a habitat rating factor but is not yet implemented. 


5. MODEL IMPLEMENTATION AND EVALUATION 


5.1 Study Site Description and Model Set Up 


The following description of the Garat allotment is taken largely from 
internal BLM reports. 


The Garat district consists of 90,563 hectares of total land of which 94 
percent is federal land, 5S percent is state land, and 1 percent is private 
land. Climatic data are taken from McDermott, Oregon and Grasmere, Idaho. 
These data suggest that the average annual precipitation is about 25 cm, 
average maximum temperature is 24°C, average minimum temperature -9°C, and 
average growing season 75 to 86 days per year. Precipitation generally occurs 
as spring rains in April and May, and as January snowfall. The allotment 
ranges from 1524 to 1676 meters above sea level. There are several large 
basins. Basins can be traversed by four-wheel drive vehicles except where the 
drainages break into the bordering canyons. Water flow is seasonal or 
intermittent and generally occurs in the spring. Several playas are located 
in the northwestern portion of the allotment. Few springs are known to exist 
and the main source of livestock water is from reservoirs constructed to 
impound surface runoff. There are some 80 stock reservoirs, most of which 
hold water season long. 





Basin big sagebrush and Wyoming big sagebrush cover about 75 percent of 
the upland area and low sagebrush (Artemisia arbuscula variety nova) is 
intermixed with big sagebrush on the shallower soil and covers about 20 
percent of the upland area. Nonvegetated sites make up the remainder. 
Bitterbrush is found along the Owyhee river and together with juniper found in 
the draws and canyons makes up the major remaining vegetation types. The main 
grasses are bluebunch wheatgrass, Idaho fescue, and Sandberg bluegrass. 

Giant wildrye, and needleandthread grass are also present. Forbs are 
predominantly annuals, such as phlox and blue lupine with scattered 
balsamroot. 


Principal game species in the unit are antelope, bighorn sheep, mule 
deer, sagegrouse, chukar, partridge, mountain and valley quail, and various 
water fowl. A herd of 19 California bighorn sheep were introduced from 
British Columbia in 1963 and the population estimated in May 1968 was 85 head. 
These animals live in the canyons which are not used by cattle to any great 
extent. Domestic sheep are not allowed within three miles of the canyon rims. 
There are currently no domestic sheep in the area. It was estimated that 100 
head of antelope ranged within the Garat allotment in 1968. Hunting is on a 
permit basis. 


As many as 4,000 head of cattle have been licensed to make use of the 
allotment in March to October. The six large pastures in the allotment range 
from 14,580 to 20,655 hectares in size. These are probably too large for 
efficient range management. In recent years the Petan Company has been 
licensed to run 2,200 to 3,800 head of cattle. They are trailed into the area 
in February and herded in March while the ground is still frozen. Then they 
are fed hay, calved, and turned onto open range from March 15 to April 15. 


Spring use is concentrated in the dry lakes area since the stock water 
there may run short later in the. season. The rest of the area is grazed 
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season-long. This is not beneficial to vegetation and large portions of the 
area are subjected to overgrazing resulting in an accelerated downward trend 
over a large portion of the area. The mesa tops, ridges, and canyon rims get 
relatively less use and the cattle concentrate around the large water holes. 
During a site visit the authors observed that the rocky low hills were nearly 
ungrazed while the flatter land closer to a road showed grass grazed right 
down to the ground. As it was December, we could not ascertain when the 
grazing occurred. A range readiness study shows that March 16, the beginning 
of the grazing season, is three to four weeks too early to permit grazing. A 
1966 range survey showed carrying capacity of 11,400 animal unit months on 
federal range in the allotment. The capacity in a normal year is judged to 
be between 15,000 to 20,000 animal unit months. The 1966 figure is based on a 
subnormal precipitation year. Potential production is estimated to be in 
excess of 35,000 animal unit months. This will require range improvement, 
periodic rest, and.other treatments, including seeding and brush treatment to 
rehabilitate approximately 25 percent of the allotment. It is estimated that 
over a 5 year period the present grazing capacity could be increased by 10,000 
animal unit months. 


The Petan Company has a total of almost 58,000 animal unit months of 
grazing on federal range of which 33,000 is in the Garat allotment in Idaho 
and the remainder at various sites in Nevada. All of these are from spring 
through fall with most in spring and summer. Winter grazing must be on 
private land. 


5.1.1 ERU Delimitation 


The criteria for defining ERUs depends on the size of the study site and 
the degree of spatial heterogeneity. In the case of the Garat, the huge 
acreage dictated that no spatial unit could be considered of less that 1500 
acres, except for the riparian habitat which is highly productive. Beginning 
with BLM data on range site acreages by condition class, aggregation was done 
for each pasture (Table 5-1)- The arrows (Table 5.1) indicate which units 
were lumped together. In addition, pasture 3 was merged into 2, 8 into 6, and 
9 into 7 because these pastures were too small for modelling. All riparian 
acreages were lumped together. Barren land (ant hills, slick spots), talus 
slopes, and rock outcrops, were not simulated. Such land would have to be 
simulated in a future version of the model if the aquatic model were 
implemented because water runs off or accumulates on such bare land. 


Once ERUs were defined they were named sequentially, given elevations, 
and had acres converted to hectares (Table 5.2). Elevations represent 
topographic position in relation to precipitation and temperature gradients. 
On the Garat the only known gradient is one of increasing rainfall to the east 
and north. Either this gradient or water run-on can yield an ERU in the 
12 to 16" precipitation zone range site. Such sites as these, which differ 
from the average 10 to 13" regime, are given elevations which differ from the 
average for the Garat based on the elevation adjustment equation (Section 
Asts2)s This results in slightly higher rainfall on these sites. If they are 
modelled as receiving run-on then their elevations would be the same as for 
the 10 to 13" range site. 
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Table 5.1 Aggregation of spatial units to form ERUs. Spatial units are 
shown by range site and condition class before and after aggregation 
for each pasture. Smaller pastures (3,8,9) are lumped into adjacent 
pastures before aggregation. Figures are in acres. Arrows indicate 
which pastures were aggregated. 


Pasture #1 Original 


CLASS 7-10 10-13 
aan | AC ag reat 
rnin ee oe ee eer 
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CONDITION LOAMY LOAMY CLAYEY RIPARIAN | ROCK TALUS BARREN 
TOM 
CLASS 7-10 10-13 ae ee ae 12-16 OUTCROP 


Ee I ws I ec ercadl ass belie ea 
[i Called. [ENE Ree WAI, Ema eRe ia val Coy nee te ae 
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CLASS 7-10 10-13 12=16 12-16 
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Table 5.1 continued 


Pasture #4 Original 



















SHALLOW 
CLAYPAN 


LOAMY 
UPLAND 
12-16 





CLAYEY RIPARIAN BARREN 











CONDITION LOAMY LOAMY 
CLASS 7-10 10~13 soaie 
iP ame tees 


ROCK 
OUTCROP 
3657.1 4498.0 


Pasture #4 Aggregated 


CONDITION | LOAMY LOAMY neat ROCK 
CLASS 7-10 10-13 OUTCROP 


GOOD 2714 


Pasture #5 Original 
CLASS 7-10 10-13 pe rey: erie OUTCROP 
[mong Peat ais 1 6709.3 pier ede Coed 


Pasture #5 Aggregated 


SHALLOW 


















































































LOAMY LOAMY a 

ROCK 
CONDITION | LOAMY } LOAMY | Bottom | .UPLAND CLAYPAN MUTERGP 
CLASS 7=10 10-13 12-16 12-16 12-16 





[eae patie tae pasi.0 | 


GOOD 1736.5 emia nee’ one 
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Table 5.1 continued 


Pasture #6+8 Original 


CONDITION LOAMY LOAMY 
iw . BOTTOM 
POOR 4484, 4 21825.0 428.0 74.8 4493.5 


210.8 


| est fpcbe oil Safed ter nd AR 


CONDITION | LoaMy LOAMY oe areal CLAYEY RIPARIAN | ROCK TALUS BARREN 
CLASS 7-10 10-13 te ae 12-16 OUTCROP 
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Table 5.1 continued 


Pasture - Good Condition summed over all pastures 


CONDITION LOAMY LOAMY 
CLASS 7-10 10-13 


CONDITION ROCK 
CLASS OUTCROP 













SHALLOW 
CLAYPAN 
12-16 













CLAYEY 
12-16 
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Table 5.2 ERU descriptions for the Garat. Pasture 3 is merged into 2. Pasture 
8 is merged into 6, Pasture 9 is merged into 7. Riparian includes 
riparian acreages from all pastures. Pastures ''GOODCLAYPAN'' and ''GOOD- 
LOAMY'' are sums of good condition acreages over all pastures. This 
reflects inaccessibility to livestock for areas which have remained in 
good condition, making their location within a pasture irrelevant un- 
less more stock ponds are built. In all cases acres are BLM plus state 
land. Elevations are based on the elevation of Owyhee for modal sites 
(10-13'' P.Z.), and are used solely to calculate lapse rates for driving 
variables. 


CONDITION 


ERU NAME RANGE SITE CLASS HECTARES ELEVATION 
le Pasture 1A Loamy 10-13 Fair 3346.4 5396. 
2. Pasture 1B Shallow claypan 12-16 Poor 3258.8 5766. 
35 Pasture 2A Loamy 10-13 Poor 1597.4 5 396. 
h, Pasture 2B  Loamy 10-13 Fair 1346.2 5396. 
oe Pasture 2C Shallow claypan 12-16 Poor 1414.1 5766. 
6. Pasture 2D Shallow claypan 12-16 Fair 1844.7 5766. 
$3 Pasture 4A  Loamy 10-13 Poor 11523.8 5396. 
Ske Pasture 4B Shallow claypan 12-16 Fair 2174.0 5766. 
9. Pasture 5A  Loamy 10-13 Fair Vij2ae 5396. 
10; Pasture 5B Shallow claypan 12-16 Poor 6053.0 5766. 
11. Pasture 6A  Loamy 7-10 Poor 2049.0 5026, 
12. Pasture 6B  Loamy 10-13 Poor 9048, 3 5390; 
13. Pasture 6C  Loamy 10-13 Fair 1509.1 5396. 
14. Pasture 7A  Loamy 10-13 Poor 10466 .2 5 396. 
15. Pasture 7B  Loamy 10-13 Fair 3517.0 5396. 
16. Pasture 7C Shallow claypan 12-16 Poor 1026.0 5766. 
17. Goodloamy Loamy 10-13 Good 123005 5396. 
18. Goodclaypan Shallow claypan 12-16 Good 1150.6 5766. 


19. Riparian Loamy 12-16 Good 292.4 5766. 
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5.1.2 Initial Conditions 


To run a numerical difference equation model requires an initial value 
for each of the system state variables. Initial condition values for system 
state variables are based on general reasoning, BLM supplied data, and a 


survey of literature information. In this case, the initial date is January 
1963. 


For each ERU soils are defined based on the range site soil descriptions 
supplied by Rob Roudabush of the BLM, Boise, Idaho, area office (Appendix |). 
A surface soil layer is defined which is thinner than the Al horizon and acts 
as a heat exchange layer for radiation and a seedbed for germination in the 
model. Other layers are defined to match as closely as possible the horizons 
of the soil. No lumping of horizons was necessary for the Garat. For each 
layer the thickness and percent stones are taken directly from the soil 


descriptions. The soil texture classes require the following conversion: 
BLM Mode | 

clay = clay 

clay loam = sand clay 
silty clay = clay silt 
silty clay loam = clay silt 
silt loam = clay silt 
loam = sand clay 
fine sandy loam = silt sand 
sandy loam = silt sand 
sand = sand 


Topographic features were likewise assigned based on.range site descriptions. 
The gradual slopes present on the Garat (3%) and the mixing of aspects due to 
aggregation meant that aspect could not be assigned. However, since solar 
radiation is not affected by aspect in the current version of the model, this 
is of no consequence and aspects were therefore defined as NE. Albedo was 
given a value typical of sagebrush lands for all ERUs due to lack of site 
specific data. 


Due to a complete lack of data, soil temperature and soil water initial 
conditions were based on intuition and trial runs of the model. Because of 
strong feedback in the model, erroneous guesses are quickly corrected by the 
model. This is especially true if the model is started in mid-winter when 
plants are dormant. Initializing soil temperatures to near zero degrees C and 
soil water to somewhere near saturation provides a good enough initial guess. 
Then the model may be test run for 1 year with average climate and the final 
values at the end of the simulated year used as initial conditions for the 
actual production runs. . 


Vegetation composition for each ERU was derived from BLM descriptions of 
potential natural plant community composition and production. Potential 
composition was used rather than inventory data because these tables are based 
on range sites over an average set of years. Inventory data would require a 
great deal of work to achieve the proper degree of aggregation. Because of 
the dearth of pysiological and ecological studies of most of the species on 
the Garat, only major species groups could be used. Initial conditions were 
derived by aggregating species in grass, forb, and shrub classes (Table 5.3) 
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and then dividing average annual production in a median year (Table 5.3) among 
these three classes. This process gives peak production. For grasses and 
forbs, it is assumed that approximately 50% of the biomass is belowground 
biomass at that season. Storage biomass is based on 12.5% of root biomass in 
midwinter (estimated from many sources). 


The process for shrubs begins with an estimate of shrub size. Jerry 
Taylor (BLM, Idaho) estimated Wyoming big sagebrush to average .762 m tall by 
-61 m wide and low sage to average .3 m tall by .23 mwide. Equation 3, 
tables 1 and 2 in Rittenhouse and Sneva (1977) were used to estimate green and 
woody biomass from these dimensions. Root biomass was assumed to equal woody. 
Storage biomass was assumed to be about 5% of the total (Dina and Kl ickoff 
1973). Low sage bushes were assumed to be 20% denser than Wyoming big sage 
(Rittenhouse, personal communication). Current annual production figures 
(Table 5.3) include both leaves and twigs so to relate this to total green 
certain proportions are required. Al Winward (personal communication) 
estimated that in June, current growth is about 65% leaves and 35% stem and 
that these leaves make up about 90% of the total leaves on the plant. The 
total SDS See ee divided by current annual growth gives the number of 
shrubs per * For example, taking data in Figure 5.3a, with 84¢/m2, 

35% shrubs, and 66.56g of leaves in June, 





shrubs/m2 = (.35 * 84) + (66.56 * .9 + .65) 


0.319 


However, shrub numbers obtained by this procedure were somewhat too high to 
give realistic results. The source of the error was not apparent. Model runs 
were thus made to discover densities of sagebrush that would allow survival of 
grasses and forbs within the context of the model. Densities between .1 and 
-2 were found to be adequate. 


Major species of grazing animals were determined by conversations with 
BLM staff. The final ones chosen for modelling were cattle, bighorn sheep, 
mule deer, coyotes, jackrabbits, and small mammals. Antelope were excluded 
because the small number present frequently moves off the Garat. For mule 
deer, only the resident herd was modelled. The smal! mammal category includes 
the white-footed mouse, Great Basin pocket mouse, kangaroo rat, grasshopper 
mouse, and least chipmunk. Since these taken together eat largely arthropods 
and seeds, neither of which is in the model, their food is defined to be 
litter. Therefore, if arthropods or seeds are modelled, the litter category 
and small mammal diets must be redefined. 


Estimates of initial population densities and animal weights were 
obtained from BLM staff. These estimates were for the Garat as a whole. 


The estimates of mule deer and bighorn populations were cut in half 
because they use land across the canyon which is not on the Garat. 


For jackrabbits, it was computed that given a summer 1980 density of 
-75/ha with about 20% of these alive in midwinter, the population is 


-75/ha « 0.20 + 70627.3 ha = 10594 


Table 5. 3a. 


Common Name 


Grasses and Grasslike 


Bluebunch wheatgrass 
Sandberg bluegrass 
Indian ricegrass 
Thurber needlegrass 
Squirreltail 
Idaho fescue 
Foxtail wheatgrass 
Nevada bluegrass 
*Cheatgrass brome 
Sod wheatgrass 
Other perennials 


Forbs 


Arrowleaf balsamroot 
Hooker balsamroot 
Tapertip hawksbeard 
Lupine 

Longleaf phlox 
Hoods phlox 
Milkvetch 

Pussytoes 
Biscuitroot 
Fleabane 

Aster 

Larkspur 

Other forbs 


Shrubs 


Wyoming big sagebrush 
Tall green rabbitbrush 
Dwarf green rabbitbrush 


Eriogonum 
Other shrubs 


Symbol 


AGSP 
POSA3 
ORHY 
SLEBZ 
SLHY 
FELD 


_ AGSA2 


PONE3 
BRIE 


- AGROP2 


PPGG 


BASA3 
BAHO 
CRAC2 


LUPIN 


PHLO2 
PHHO 
ASTRAG 
ANTEN 
LOMAT 
ERIGE2 
ASTER 
DELPH 


ARTRW 
CHVI8 
CHVIP2 


_ERIOG 


PPSS 
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% Composition 
by Weight 


(Air-dry) 
45-55(52.5) 


1S, 


3 


FPHOHFOrRPrFPHrEU 
1 
NNONNHNUUUN US 


TOS saul Zo) 


NWF Rese ere Ye of 
1 
PRPNNFYFNWWNHWN UL 


25-35 (35) 


2 


Plant community composition for range site loamy 10-13''. 


(BLM 1980). 


Range in Production 


lbs/ac 
180-605 


140-495 
a= 
4-22 
4-55 
4-55 
0-55 
4-22 
T2727 
Uae 
T=22 
4-22 


40-165 


4=55 
0-22 
4-36 
4-22 
4-36 
4-36 
T-22 
IR 
T=11 
4-22 
4-22 
Led 
8-44 


100-385 


80-330 
4-44 
4-44 
0-22 
4-22 


(Air-dry) 


kg/ha 


202-678 


boi=204 
4-62 
4-62 
4-62 
4-62 
0-62 
4-25 
T-25 
0=25 
T-25 
4-25 


45-185 


4-62 
0=25 
4-40 
4-25 
4-40 
4-40 
T-25 
I-12 
T-12 
4-25 
4-25 
T-12 
9-49 


112-431 


20>37 0 
4-49 
4-49 
0-25 
4-25 


* Not a part of original climax vegetation, but may now have established an 
ecological niche in the potential community. 


Total Average Annual Production (Air-dry): 


Favorable years 
Median years 


Unfavorable years 


— ae om ew ow ow wre ee ee oe 


lbs/gc 
1100 


kg/ha 


Le ey" 
840 
448 


Table 5.3b. Plant community composition for range site Loamy 77-10", “at BEMe IS BG), 


*% Composition Range in Production 
by Weight (Air-dry) 
Common Name Symbol (Air-dry) lLbs/ac kg/ha 
Grasses and Grasslike 35-45(40) 105-382 118-428 
Sandberg bluegrass Sr OLGA 20-30 60-255 67-286 
bottlebrush squirreltail STHy BEIMS 15-85 17-95 
Indian ricegrass ORHY 1-3 3-25 3-28 
Thurber needlegrass SEL 1-3 3-25 3-28 
bluebunch wheatgrass AGSP 0-2 O-17 0-19 
*cheatgrass BRIE 1-3 3-25 3-28 
Forbs 5-15 (10) 15-127 17-142 
_ longleaf phlox PHLO 2=3 6-25 7-28 
globemallow « SPHAE 2-3 6-25 7-28 
daisy ERIGE Lag 3-17 3-19 
desert parsley LOMAT 1-2 3-17 SW 
tansy mustard ESCUR L~2 Sa} Shen Wee, 
larkspur DELPH T-2 T-17 T#A9 
milkvetch ASTRA T-2 T-17 T=19 
aster ASTER T-2 T-17 T=-19 
Shrubs 45-55 (50) 135-467 151-523 
Wyoming big sagebrush ARTRW 30-40 90-340 101-381 
spiny hopsage GRSP 3-5 Dee? 10-47 
littleleaf horsebrush TEGL 1-2 3-17 Sous 
perennial shrubs pres 1-2 3-17 3-19 


* Not a part of original climax, but may now have established an ecological 
niche in the potential plant community. 


Total Average Annual Production (Air-dry): 


lbs/ac kg/ha 
Favorable years = --------------- 850 952 
Median years = 2 =-------~~-------- 550 616 


Unfavorable years -----------~---- 300 336 
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Table 5.3c. Plant community composition for range site shallow claypan 12-16!', 
(BLM 1980). 


% Composition Range in Production 
by Weight (Air-dry) 
Common Name Symbol (Aid Eye lbs/ac kg/ha 
Grasses and Grasslike 40-60 (50) 140-570 157-638 
bluebunch wheatgrass AGSP 2020 SIS: Sips) 2 
Idaho fescue FEID 20-30 70-285 78-319 
Sandberg bluegrass POSA3 1-5 3-47 3-53 
squirreltail SLuY 1-2 Sik, 3-21 
Nevada bluegrass PONE T-2 T=19 T-21 
Thurber needlegrass Sian ; 1-5 3-47 3-53 
*cheatgrass brome BRIE T-1 T-9 T-10 
other perennials PPGG T-2 T-19 T-21 
Forbs 10-20 (15) 35-190 39-213 
longleaf phlox PHLO2 1-4 S80 3-43 
milkvetch ASTRA 1-2 3-19 3-21 
lupine LUPIN 1-2 3-19 3=21 
arrowleaf balsamroot BASA3 1-2 3=19 Soya 
Hookers balsamroot BAHO 1-2 3-19 Bez b 
Bicculeroot LOMAT T-1 T-9 T-10 
Indian paintbrush CASIL T-1 ENS T=LO 
fleabane ERIGE T=-2 T-19 T-21 
aster ASTER T-1 T-9 T-10 
perennial forbs PREF. 2-3 7-28 8-31 
annual forbs AAFF 1-3 3-28 3~31 
Shrubs 15-357(35) Bp ACIS Shr 58-372 
low sagebrush ARAR8 15-35 52-332 58-372 
tall gray rabbitbrush CHNA2 . 0-2 0-19 0-21 
twisted leaf rabbitbrush CHVIP O-1 0-9 0-10 
tall green rabbitbrush CHVI8 O-1 0-9 0-10 
eriogonum ERIOG O-1 0-9 0-10 
antelope bitterbrush PUTR2 0-1 0-9 0-10 
O-1 0-9 0-10 


other shrubs PRSS 


* Not a part of-original climax vegetation, but may now have established an eco- 
logical niche in the potential plant community. 


Total Average Annual Production (Air-dry): 


lbs/ac kg/ha 
Havorable years —) 94%=---=-=---=-—=——_— 950 1064 
We Chae Thy Cie Tg ae i elena 600 672 


Unfavorable years  ----------------- 350 SHe RZ 


a2 


Table 5.3d. Plant community composition for range site semi-wet meadow (riparian). 


(BLM 1980). 


Common Name 


Grasses and Grasslike 


sedge 

bluegrasses 

sod wheatgrasses 
rush 

bentgrasses 
*common Timothy 
*Kentucky bluegrass 
prairie junegrass 
dropseed 

muhly 
*little barley 
northern barley 
basin wildrye 
other perennials 


Forbs 


Rocky Mt. iris 
cinque foil 
groundsel 

common yarrow 
common camas 
clover 

gentian 
erigeron 

dock 

other perennials 


Shrubs 


willow 
other perennials 


Symbol 


CAREX 
POA 
AGROP 
JUNCU 
AGROS 
PHPR3 
POPR 
KOCR 
SPORO 
MUHLE 
HOPU 
HOBR2 
BLOLZ 


IRMI 
POTEN 
SENEC 
ACMI2 
CAQU2 
TRIFO 
GENTI 
ERIGE2 
RUMEX 


SALIX 


% Composition 
by Weight 


(Air-drv) 


75-85(80) 


15-30 
15-30 
15-30 


toi 
he 
i=) 


i ORS Oana eageled! 
NON MN MN WN UW 


10=20 (20) 


FPOrRrRPHPHMpPHRH PH 
Petts 
UNNN UW UW UU 


0-5 


— 
oO 
— 


0-5 
0-5 


Range in Production 


lbs/ac 


1125-2550 


225-900 
225-900 
225-900 
73-300 
0-90 
0-150 
0-150 
15-150 
0-60 
0-60 
0-60 
0-150 
0-60 


150-600 


L5=150 
15-150 
£5-90) 
30-150 
15-90 
15-150 
15-60 
15-60 
0-60 
15-150 


0-150 


0-150 
0-150 


ke/ha 


1260-2856 


252-1008 
252-1008 
252-1008 
84-336 
0-101 
0-168 
0-168 
17-168 
0-67 
0-67 
0-67 
0-168 
0-67 


168-672 


17-168 
17-166 
cle/ifee LOY 
34-168 
Lit OL 
17-168 
La E OY, 
ig aby 
0-67 
17-168 


0-168 


0-168 
0-168 


* Not a part of original climaxivegetation,y but may now have established an eco- 
logical niche in the potential plant community. 


Total Average Annual Production (Air-dry): 


Favorable years 
Median years 


Unfavorable years 


ee me me we we oe we me ee we 
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This was cut in half because the model allows unrealistically high grazing 
rates by juveniles and immatures. The total was then split equally between 
male and female matures. 


Smal! mammals were modelled as chipmunks because the parameters were 
already available. Smal! manmal populations of al] species on the Garat were 
converted to chipmunk populations based on weight ratios. Using 1977 data, 
this gave 8.76/ha and using the same assumptions as before 


8.76 0.2 + 70627.3 = 123720 


The figure of 2000 cows grazed on the Garat given by the BLM was reduced 
to 1000 in the model because (1) all 2000 cows are not grazed all season on 
the Garat, and (2) the immatures and juveniles graze unrealistically large 
amounts due to a problem in the model (discussed later). 


Mule deer and bighorn sheep are largely confined to the canyon and the 
canyon rim and were so restricted in the model. 


Delis Driving Variable Records 


Data for temperature, wind, pan evaporation, and precipitaion were 
obtained from the U.S. Weather Service. Day length values are calculated 
according to procedures outlined in Sellars! book Physical Climatology. 
Solar radiation is calculated according to Capiel (1970). 


Weather Service data does not come in a format suitable for use in the 
model. Neither the Twin Falls, Idaho, nor Owyhee, Nevada, data tapes were 
complete. The first 3 months of 1963, missing from Twin Falls, was supplied 
by the first 3 months of 1964 from Twin Falls. The data were converted as 
follows: Month and date converted to Julian date; temperature changed from 
degrees F to degrees C; precipitation changed from inches to centimeters; wind 
changed from miles per day to kilometers per day; and pan evaporation 
converted from inches to millimeters. Because pan evaporation data was not 
available from Owyhee, Twin Falls data was used in all simulations. 


Driving variable records are described in two ways. Plots of the 
variables (Fig. 5.2) show general trends and variability of the data. 
Specific values of standard statistics such as the mean, maximum, and minimum 
are given for each driving variable on each ERU (Table 5.4). AIl driving 
variables can be adjusted for elevation except hours of daylight, incoming 
solar radiation, and wind. Only precipitation required altering for the 
Garat. 


Solar shortwave radiation and day length follow a sinusoidal function. 
Solar radiation values are within acceptable ranges, showing that even with 
estimated wind and evaporation in the winter, the equations of Capiel (1970) 
seem to work well. The values in Fig. 5.2 may be compared to the data in Fig. 
5.15 


Air temperature values show the usual seasonal patterns. 


Q4 


Table 5.4. Statistical summary for climatic driving variables used for 
simulations. 


a I IE LE LLLP L ESI AEE GLEE LALLA 


a a ee a eS I OST OO OS EC TS SS SD SOS el Oe Gs Se Ee Ser kr Oren win RS epace main obaoren Som Ses aniouaiv oO 


UNITS MEAN ZERQES MAXIMUM MINTMUM STANDARD 
Sa ae DEVIATIONS 
VALLE DAY NO, VALUE DAY NO, 
BASE CLIMATE FOR GRIT 5,10 

1, DAYLIGHT HR 12.000 0) 15.90) 164 90 8.100 347 90 20 dd 

2. SHORTWAVE LY 415,379 Q 923.800 3094 i 60,000 118 3 160, 333 

3. TEMPMAX C 15.477 31 36.700 3497 t “146.700 3631 1 19.494 

4. TEMPMIN C 1.796 110 21,100 1310 1 -28.300 3631 1 7,383 

J. TEMPMEAN C 8.637 35 27,500 1310 { -22.500 3431 1! 8.956 

6. PRECIP cM 0.073 = 2824 3.230 2058 1 0,000 L 2926 0.235 

7. PEVAP CM 0.477 0 1,949 503 ! 0.025 131 6 0,284 

8. WIND KM 145, 445 i) 974.190 265 1 9.68) 3385 1 63.429 
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Figure 5.1. Average daily solar radiation received in Oregon on a 
horizontal surface at the ground in Langleys per day. 
The study site is located just across the border in 
the southwest corner of Idaho. Redrawn from Stearnes 


(1959). 
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Figure 5.2. Climate variables results for the Garat, base climate 10-year run. 
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Figure 5.2. (continued). 
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Wind velocities are relatively uniform throughout the year. However , 
there is a considerable degree of variation from day to day. Average daily 
winds were generally in the order of 168 km day7!, 


Precipitation frequency and intensity varied from year to year. The 
first few and last few years of the ten-year (1963 to 1972) record were much 
wetter than the middle portion. Precipitation events are frequently grouped 
on successive days. Highest individual inputs were of the order of 3.2 cm. 
Major inputs occur during the late soring through tate summer interval. Snow 
and rain are differentiated only in the modelling process, not in the driving 
variable records. 


5.2 Simulation Dynamics 


Computer operation of the mode! described in Sections 3 and 4 results in 
many very large tables of numbers, representing the predicted vaiues of the 
state variables and processes over time. These simulation results are then 
summarized by standard descriptive statistics and time series graphs for ease 
of user interpretation. The actual output tabies are not presented here, but 
are availabie upon request. Instead they are summarized in tables and graphs 
which follow. For the runs described below the only output printed was file F 
(plant state variables) and J (animal state variables and flows). 


There is a one-to-one correspondence between the summary statistics and 
graphs and the flow diagrams, and the flow-effect matrix (Fatt Caro yes 
However, for simplicity, only the most important processes and state 
variables have been printed. State variables are represented by continuous 
lines because the quantity exists through time. The process flows, on the 
other hand, are represented by bar graphs because the quantity exists at a 
discrete point in time. Discussion of results is presented below, in the 
section on model evaluation (Sec. 5.3.3), and in the section concerning 
Suggested improvements to the model (Sec. 6.3). 


5.2.1 Under Natural Conditions 


For the simple case of nominal management, the full set of 19 ERUs was 
not necessary. Currently, catt!e are not we!! controlled during the grazing 
season and no rest rotation or other system is being enforced. The area could 
thus be divided into two areas. With two ERUs and only cattle management to 
keep track of, a 10 year run was simple to set up. 


The allotment was divided into canyon rim and main basin areas. The 
canyon rim was the area used by mule deer and bighorn sheep and consisted of 
ERUsy 15.3... 8,9°17,, 18, andetOmtrom Table D2) ZIVINGS9 29S.senectanmesn 
approximately 14% of the total vegetated area. The main basin was 60, 829.0 
hectares. Both were defined as loamy 10-13 range sites. The poorer condition 
of cattle range was taken into consideration by slightly increasing the number 
of shrubs for the basin compared to the rim. 


Hunting of mule deer was allowed for 27 days in the fall. One thousand 
head of cattle (cows plus calves) were run on the main basin from April 8 to 
September 30. 


A last minute problem in the event routines (see Sec. 6.3) prevented use 
of any events, so cattle were not simulated and hunting was not done. 
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However, a file had already been set up describing events for a ten year, two 
ERU run and this file will be preserved with the other data files and the 
program listings. 


All animals were entered on the canyon rim and at the first time step the 
model dispersed them between ERUs. Dispersion depends on the user defined 
list of ERUs, within which each species may occur. 


Soil Temperature Submodel. Example results are not presented due to lack 


of space and time. Results were presented for a nearly identical version of 
the heat model in an earlier report (Jump et al. 1980). 


In general, the soil temperatures exhibit a sinusoidal behavior which 
reflects a similar pattern of incoming radiation and air temperature. Soil 
temperature fluctuations are most pronounced in the surface layer and are 
damped in the deeper layers. Also, lower layer fluctuations occur later, or 
lag, those of the upper layers. 


Shortwave radiation has the greatest influence on surface temperature, 
primarily due to the magnitude of the process. Longwave radiation may be both 
positive (representing energy gain by the soil) or negative (representing 
energy loss from the soil). During the winter months, the soil tends to gain 
energy from the air, while in summer, it reradiates energy to the night air. 
Vaporization energy is quite different between ERUs. This behavior results 
from the interaction of ambient air temperature and available soil water (Sec. 
4.2.1), which varies with elevation and vegetal cover. The vaporization 
energy represents the energy required for vaporization of an amount of 
evaporation calculated by the soil moisture submodel. 


The predicted temperatures of the soil layers seem fairly reasonable and 
are quite stable over a ten year run. The temperatures of the soil layers 
decrease with depth. The parent material, assumed to lie just below the 
lowest soil layer, functions as both a source of heat or a heat sink, 
dependent upon the temperature of the lowest layer. The parent material is 
assumed to maintain a constant temperature of 7.3°C. 


Gain (or loss) of energy from the parent material is not very important 
compared to the other inputs. Conduction may be both positive (representing 


loss from the soil layer) or negative (representing gain by the soil layer). 
Conduction is strongly influenced by soil temperature, and thus, like soil 
temperature, exhibits a similar pattern for each soil layer. 


Soil Moisture Submodel. The same comments apply about plots of soi! 
moisture variables as for soil heat (see above). 


‘In general, the soil moisture results exhibit much variation between 
ERUs. These differences are due to differing soil characteristics. 


The only source of water is precipitation, either as rain or as snow, 
since runoff and runon are not yet implemented. 


There are three major processes controlling the amount of precipitation 
which actually supplements soil water (Sec. 4.2.2), infiltration, evaporation 
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and runoff. Infiltration rates for a given amount of precipitation depend on 
loss to vegetation due to wetting and infiltration characteristics of the soil 
type. Evaporation, the counterpart to vaporization in the soil temperature 
submodel, is more strongly associated with ambient air temperature than 
available soil water. The greatest evaporation occurs on days with minimal 
rainfall due to the correlation between rainfall and low evaporation rates. 


For this simulation, ground water functioned as an accumulator of all 
water percolating through the deep soil layer. It is important to note that 
some soil types and combinations may serve to contribute to ground water 
supplies, while other types do not. 


The moisture of soil layer 1 is very closely related to infiltration 
rates. Also, a draw down of water levels in all layers occurs after the peak 
during snow melt, and is recharged during the fall. 





Percolation may be both positive (representing loss from the soil! layer) 
or negative (representing gain by the soil layer). Percolation rates are 
influenced by total water content, but are more closely related to volumetric 
water content. An important factor is the effect of the location of a 
claypan, which dramatically restricts water flow. 


Transpiration loss to plants is an important soil water process, although 
the size of this loss is small compared to the size of the other processes. 
Since plant roots take up water from the soil layer with least resistance as 
measured by matric potential, the location (depth) of transpiration serves as 
an indicator of soil water conditions. 


Floral Submodels. State variable time series graphs are shown in Figs. 
5.3 and 5.4. Results of the example simulations are summarized in Tables 5.5 
and 5.6. Plots and statistics are made for the two runs, one with and the 
other without animals, for comparison. Process rates were not plotted 
because computer costs for printing and plotting them were excessive. After 
suggested changes can be made (Sec. 6-3) it would be worthwhile to plot the 
flows for a detailed examination. 


In general, the biomass dynamics are as follows. The green biomass 
reaches a maximum rapidly in the spring, levels off and then declines in the 
midsummer due to water shortage and exhibits some regrowth in the fall. 
Storage biomass is drawn down in the spring, fluctuates during the summer, 
becomes recharged by fall, and gradually declines during the winter. Net root 
biomass is decreased by nominal death, drought, and starvation. Because green 
biomass has a higher growth priority, root growth lags leaf growth. The net 
result is decline during winter and during drought and increase during 
favorable periods. These dynamics appear qualitatively reasonable for al] 
species. 


Over the 10 year period the proper dominance order is maintained of 
shrub, grass, and forb. Invasion of each into pure stands of the other would 
be a good test of the robustness of the competitive relationships. It was 
found that the model correctly predicted the failure of shrub seedlings to 
successfully germinate under conditions of intense competition (not shown). 
The almost total dominance of heavy stands of shrubs was predicted correctly 
by the model but the number of shrubs required for dominance was lower than 
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Table 5.5. Statistical summary of simulation results for plant state 
variables, without fauna. 
— aa angeegen nbs Ogueetindetperteneenpeteieeneennenendianeaneteaeiemeereenmneinmmmmenmmemnemnmenememmmenmenmmenneimeamn amen emanenemnae te 
LOL LLL LI LO LEAS LT CTI CLC CL I TI Ae LS eA I wT eAOTE IE oe YL 
AN ECOSYSTEM SIMULATION OF PERTURBATIONS PLANT-SUBMODEL STATISTICS 
UNITS MEAN ZEROES MAX IMUM MINIMUM STANDARD 
w-~----~---------------~--------—----------- DEVIATIONS 
VALUE DAY NO, VALUE DAY NO. 

SAGE out STE VARIABLES FOR ERU 5;10- 1 CANYON RIM aoe 
1. POPULATION 0,100 Qj 0.100 1 522 O00 522 0,000 
2. GREEN wie 74.015 0 220,440 294 1 15.910 2691 1 53.170 
3. STORAGE 6/M2 49,126 0 201.080 540 tf 4,070 3017 1 37.414 
4, SURROOT G/M2 94, 339 0 324.980 1050 1 0.150 2443 | 106, 644 
5. TOPROOT G/M2 113.236 0 219.530 1638 1 38.200 3360 le 
& LOWRCAT 6/M2 49,705 ( 200,000 1 2,300 2268 = | At, 175 
7. DEEPROOT G/M2 wll 0 SMG o 0.050 2637 = 8 14.027 
8, NON-GREEN G/M2 187,163 0 387.7200 1050 1 57.560 3045 | 111.557 

AGROPYRON. STATE VARIABLES FOR ERU 5,10- 1 CANYON RIM is 
1, GREEN G/M2 34.407 is 221250) tis) at 0.000 1708 16 45.993 
2, STORAGE B/M2 23.649 Q 194,240 896 1 0.990 2660 1 23,214 
3, SURRGOT G/M2 47,285 43 160.490 92 1 0,000 2394 43 43,852 
4. TOPRONT G/M2 41,573 0 105.700 9034 4,990 ZheB | 24.296 
5. LOWRNOT G/M2 39. 265 i 121,590 354 = | 1.230 2296 | 31.185 
4, DEEPROOT G/M2 0.324 145 350 41 1 0.000 1652 149 0.588 
7. NON-GREEN G/M2 60.233 213.130 931 L650. 272e ed 54, 445 

FORBS —. STATE VARIABLES FOR ERU 5,10- 1 CANYON RIM . 
1. GREEN 1.242 © 258 12.960 147 1 0,000 1400 258 2,558 
2. STORAGE a 0.200 191 1.710 490 4 0.000 2289 191 1,202 
3, SURRUOT G/M? 1.387 268 6160 545  { 0.000 1750 268 1.955 
4. TOPROGT B/M2 Iie Whe 6.200 322 0.000 2574 150 2.007 
5. LOWROOIT G/M2 2.091 179 10.610 147 I 0,000 2345 179 2.773 
4. DEEPROOT G/M2 0.010 408 0190s ee ied 0,000 812 496 0.029 

NON-iREEN rigs Sh 10.140 243° 1 0.000 2506 140 3.007 

LITTER. STATE vanes FOR ERU 5, 10- 1 can RIM 
1. LITTER G 22.491 59.980 1736 1 2,490 2639 = 1 13.267 

SAGE STATE VaR ABLES FOR ERU 5,i0- 1 MAIN BASIN ay, 
fF POPULATION NO/M2 0.130 0 0.130 at 522 0.190 1 822 0,000 

» GREEN G/M2 8.185 0 184.400 644 ~ { 19.280 2003 ~ 2 35.492 
3, STORAGE G/M2 43,611 0 227,500 1302 1 3. 39 ah 26.919 
4, SURROOT G/M2 68.267 a 229,660 1050 1 0.240 2443 = | 47,094 
5. TOPROOT G/M2 117.490 6 203,780 1309 1 43,440 94 42, 008 
4, LOWROOT G/M2 13-433 0 200.000 1 4th 2288 | 39.321 
7. NON-GREEN = G/M2 174,193 311.530 1050 i 80.970 3045 72.678 
pond PYRON. STATE VARIABLES FOR ERU 5,10- 1 MAIN BASIN : : 

. GREEN /M2 27.964 39 196.390 3409 | 0.000 1379 39 39.84! 
2 STORAGE G/M2 19,132 0 140.320 3402 1 0.520 2653 I 13.952 
3. SURROOT G/M2 29,454 43 153,450 3486 | 0.000 2352 43 28.201 
4, TOPRGAT G/M2 36.132 y a5.060 3592 = 1 5.270 2681 20,342 
5. LOWROOT G/M2 29.411 0 11.890 268 4 1.149 7303 1 28, 455 
4, NON-GREEN G/MZ 51.481 192.240 2493 4 1.190 2707 44,897 

FORBS STATE VARIABLES FOR ERY S.10- 1 MAIN BOSIN , 

. GREEN 0.656 114 12.850 175 1 0.000 1958 114 1.487 
2. STORAGE INE 0.490 g 8.920 168 { 0.000 7653 8 0.790 
3. SURROOT B/NZ 0.406 149 3.230 189 1 07000 203) 149 0.572 
4, TOPROOT B/M2 1.042 a 5.20 175 1 0,020 2618 33 1.317 
5 LOWROOT oii 1.434 0 1 tate 4 0.620 310 5 2.012 
4, _NON-GRE 1,405 0 576) aziz 0.010 2660 21 2.262 

LITTER STATE VARTABLES FOR ER 5,10- 1 MAIN BASIN ke 
i, LITTER G/M2 20.407 0 74.880 1407 1 1.930 2637 12.404 
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Figure 5.3. Plant submodel state variables for 10-year run without fauna. Shown are green and litter 
biomass for both ERUs and al] species, g/m, and all sage state variables from Canyon Rim, 
g/plant. On all plots the x-axis is time in days beginning 1 January 1963. 
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Figure 5.3. (continued). 
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Figure 5.3. (continued). 
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Statistical summary of simulation results for plant state 
variables, with fauna. 


Table 5.6. 
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AN ECOSYSTEM SIMULATION UF PERTURBATIONS PLANT-SUBMODEL STATISTICS 


UNITS MEAN ZEROES MAXIMUM MINTMUM STANDARD 
mannan anna nnn nn nnn nanan nnnnnnna-= DEVIATIONS 
VALUE DAY NO. VALLE DAY NO. 
SAGE _. STATE VARIABLES FOR ERU 5,10- 1 CANYON RIM 
1. POPULATION NO/M2 0.100 0 0.10 1 522 0.100 4 522 0.000 
2. GREEN G/M2 26.243 0 13.710 213) ot 3.720 3640 2 26.857 
3, STORAGE G/M2 18.421 0 250.230 21 1 2.910 1981 1 23.419 
4, SUIRROOT G/M2 5,332 36 132.480 245° 0.000 1323 3% 15.414 
5. TOPROOT G/M2 62,764 0 R170 Bae 15.530 3570 1 42,947 
b: LOWROOT G/M2 24,483 0 200.000 i 1210 26392 41.270 
7. DEEPROOT Gye 7.205 g thy cum 0.000 3598 = 8 14. 124 
8. _NON-GREEN 74.932 0 16.030 546 | 18.470 3647 1 80,289 
AGROPYRON. STATE VARIABLES FOR ERU 5,10- 1 CANYON RIN 
1. GREEN G/M2 7.437 103 85.460 3080 0.000 623 103 13. 446 
2. STORAGE G/M2 2. 7A1 0 94.640 3395 1 0.120 1547 2 11.547 
3, SURROOT G/M2 1.442 194 33.980 3108 1 0.000 791 194 4,054 
4. TOPROOT G/M2 24.937 0 776K 08 1 1.770 1568 1 16.397 
5. LOWROOT G/M2 7.932 71 43.110 2709 1 0.000 2163 71 10.443 
6. DEEPROUT G/M2 0.198 353 3.590-— ud 0.000 1183 353 0.577 
7. NON-GREEN  _G/M2 21,355 0 88.050 3136 = 1 0.120 1624 21,317 
FORBS _. STATE VARIABLES FOR ERU 5,10-.1 CANYON RIM 
1. GREEN G/M2 0.160 352 980 140 I 0.000 385 352 0,590 
2. STORAGE G/M2 0.176 273 5.410 148 1 0.000 1251 273 0.396 
3. SURROOT G/M2 0.625 435 1.270 182 1 0.000 399 435 0.112 
4. TOPROUT G/M? 0.465 94 3.150 175 | 0.000 2346 94 0.802 
5. LOWRUOT G/M2 0.541 Bt 5.500. 1 ot 0.000 1309 291 1.247 
6. DEEPROOT G/M2 0.009 433 O95 1 eet 0.000 623 433 0,029 
7. NON-GREEN  G/M2 0.537 166 420%) 10 at 0.000 1512 164 1,108 
LITTER epelATE VARIABLES FOR ERU 5, 10-1 CANYON RIM : Oe 
1. LITTER 34.623 102.010 3227 1 2.710 2688 1 21.295 
TOTS STATE VARTARLES FOR ERU 5,10- 1 CANYON RIM ; 
1. TOTALCOVER 0.000 522 000 06 1522 0.000 1 522 0,000 
. TOTLIVECOV = 0.000 522 0,000 1 522 0.000 1 52 0.C09 
S TGTALOREEN Gn 0.000 = §22 0:000 1 522 0.000 1 522 0. 060 
4, TOTALROOT = =——G/M2 34,734 0 525.640 259 28.070 1548 = 1 109.758 
SAGE. STATE VARIABLES FOR ERU 5,10- 1 MAIN BASIN ye 
1. POPULATION —NO/H 0.130 0190 1 52 0.160 oY S77 0.000 
2. GREEN MD 38: 434 0 150.450. 273 1 6.520 1598 2 28, AS 
3. STORAGE G/M2 19.964 0 66.050 273 1 2.480 1596 1 14.543 
4. SURROOT G/MZ 4.207 3 0.320 252 | 0,000 1379 23 0.540 
5. TOPROOT G/M2 83,605 0 227.960 532 1 16.980 1533: 1 a7 bea 
8. LOWRDOT Gym 25.005 0 200.000 1 O1110 2667 | 37.770 
7. NON-GREEN 83. 130 0: 210900 Vee 16.900 3647 1 57.229 
AGROPYRON. STATE ves FOR ERU 5,10- 1 MAIN BASIN 
1, GREEN 2.254 161 47.640 168 1 0.000 595 161 6.200 
2. STORAGE mie 2.203 12 47.250 173 4 0.000 1491 12 al 617 
3. SURROOT G/M2 0.403 299 16.210 182 4 0.000 504 299 1.547 
4. TOPROOT G/M2 7.422 0 37.810 3409 1 0.020 1533 | 4 8.943 
5. LOWROOT G/M2 2.989 151 71.610 147 . 4 0.000 1431 151 5.071 
&. NON-GREEN =G/M2 6.530 17 53.270 238 = I 0.000 1533 17 1.682 
FORBS —_. STATE VARIABLES FOR ERU 5,10- 1 MAIN BASIN 
1. GREEN G/M2 0.143 290 5.750 140 1 0.000 308 290 0.630 
2. STORAGE G/M2 0.166 133 2.950 133 | 0.000 1260 133 0.342 
3; SURRUDT G/M2 0:027 444 120 0175 Ef 0:000 365 444 018 
4, TOPROOT G/M2 0.577 21 4.860 175 1 0.000 2541 21 1.035 
. LOWROOT GIN? 0.547 209 5.500 1 0.000 1407 209 1.249 
NON-GRE! G/M2 0.5 78 6.540 203 1 0.000 1428 78 1.164 
Lier ORSTATE VAREABLES FOR ERU Sid 1 MAIN BASIN 
. LITTER G/M2 14,241 0 308 0.92 2723 1 11.091 
rots STATE VARIABLES FOR ERU 5,10- 1 MAIN BASIN 
. TOTALC 0.000 522 0.000 1 522 0.000 1 522 0.000 
2 tonivecs = 0:000 522 0.000 1 522 0000 = {522 0:000 
TOTALGREEN G/M2 0.000 522 0.000 1 522 0.000 1 522 0.000 
i. TOTALROOT =sG/M2 132.262 0 481.260 259 1 19,230 1533 1 103,045 





22.00 


. 00 


11 


60.80 121.60 182.40 243.20 304.00 364.80 
*10 


.o0 
= 
oO 


a. Sage green, g/m2, on Canyon Rim. 


22.00 


x10! 
avo a rel 


oO 
oO 


%.00 60.80 121.60 182.40 243.20 304.00 364.80 
x10 


b. Agropyron green, g/m2, on Canyon Rim. 


Figure 5.4, Plant submodel state variables for 10-year run with fauna. 
biomass for both ERUs and all species, g/m, and all sage state variables from Canyon 
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Figure 5.4. (continued). 
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Figure 5.4. (continued). 
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Figure 5.4. (continued). 
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actually necessary (not shown). This resulted from exaggeration in root 
competition because of the model formulation. One unexplained occurrence is 
that once forbs are reduced to a low level during the drought years, they are 
unable to recover their position in the community. 


The process of graduation of shrubs from small to large size classes was 
never tested in detail, though during some runs a few small shrubs did move up 
to the larger size class. Invasion of bare soil was also only tested briefly. 
At this time, small shrubs are not modelled because of problems in the animal 
diet selection process (see Sec. 6.3). For this reason, after the occurrence 
of anything which removes shrubs (e.g., fire) they will not return since large 
shrubs cannot germinate. 


For the Garat, the fertility variable needs to be adjusted to 0.6 to 
achieve the approximate productivity levels expected if plants alone are 
simulated. Production is closely tied to rainfall, as it should be. An 
exception to this is that when rainfall is very high, production is much 
higher than expected (not shown). This results from the exclusion of soil 
nutrients from the model which becomes a limiting factor in this case, and 
from the lack of photosynthetic inhibition due to self shading. When animals 
are included, fertility is set to 1.2 in order to give sufficient plant growth 
under grazing conditions. This is partly due to unrealistically high intake 
rates by juvenile and immature cohorts and partly due to the plants being 
overly sensitive to grazing. 


Litter fluctuates around a fairly stable mean value, the magnitude of 
which is quite reasonable. 


Faunal Submodels. In general, species response to the varying ERU 
conditions is dependent upon the species. Some species, tend toward stable 
patterns by moving to more suitable habitats (ERUs) as the conditions change. 
Small mammals are the only species considered to hibernate. Table 5.7 
provides statistical summaries of major components of both the biomass and 
population submodels. Selected examples of biomass and population components 
are presented in Fig. 5.5. For simplicity, one cohort (mature females) of 
each species was selected to demonstrate inter-—species dynamics. 


In Table 5.7, the results for each cohort and the total population are 
presented. The coding of cohorts is as follows: 


Age: mature (0), immature (1), juvenile (2) 
Sex: female (0), male (1) 


Thus, the minimum cohort capable of simulation is mature females (00). 


The typical weights of mature females of each species are presented. 
Note that the scale is different for each species. The weights are fairly 
stable. Fluctuations are more pronounced in the younger cohorts (not shown). 
Apparent sharp declines reflect the aging process by which older, and heavier, 
individuals mature to the next cohort (not shown). 


Assimilation is the net result of several consumption and foraging pro- 
cesses. It may be either positive (representing weight gain) or negative 
(representing weight loss). Assimilation provides an interesting insight to 
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the species responses to ERU conditions. Differing seasonal dynamics are 
exhibited between ERUs and between cohorts. 


The population graphs show a much greater difference is species' response 
to ERU conditions than do the biomass graphs due to low reproductive rates 
during years of low vegetative production. The more mobile species have a 
greater tendency toward stabilization and equalization between ERUs. Since 
jackrabbits breed throughout the warm months, there is a buildup of the 
juvenile cohort, which declines as winter conditions become more severe. Like 
typical weight, many of the sharp changes in population levels reflect an 
aging of a portion of the population to the next cohort. 


Natural death is primarily caused by starvation and exposure. Severe 
conditions vary both between ERUs and seasonally within ERUs. The majority of 
the natural deaths occur during the winter months. 


All predation losses shown in Table 5.7 represent predation loss to 
coyotes. Although the coyote population is fairly consistent among ERUs, 
there are very significant differences in predation pressures due to habitat 
characteristics, such as cover. There is also a considerable increase of 
predation pressure during the seasons when animals are giving birth to young. 


The dispersing populations may be either positive (representing movement 
into an ERU) or negative (representing movement out of an ERU). Under 
favorable conditions, the populations tend to be more stationary, while as 
conditions worsen, there is a marked increase in the size of the dispersing 
population. 


The distances traveled by individuals are fairly constant over time 
depending on home range site and migration, and are not plotted. 


Events. It appears that the event routines all perform their functions 
properly. Events are sorted correctly by date and type and all execute in the 
correct sequence. AIl messages describing the operation of events are sent to 
output and are thus not saved on tape. The formats could be improved but are 
clear and informative. When events are executed they all perform their 
functions properly, as far as testing has gone. The process of removing 
animals from many pastures or moving them between pastures has not been fully 
tested. The only error is that executing MOVEHERD causes a data structure 
foul up (see Sec. 6.3 for detailed explanation). Therefore, events were not 
used for the test runs and their use in the context of normal operation is not 
illustrated. 


5-3 Anslysis of Model Performance 


5.3.1 Model Verification 


The first verification criterion is whether the model meets the required 
specifications as far as processes simulated and management orientation. The 
specifications stated in the original contract are rather general but they 
seem to have been met. More specific objectives were set up by the 
investigators (this report, section 1.1) and these have all been met. It is 
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Table 5.7. Statistical summary of simulation results for fauna state variables 


and processes. (a) Coyote on main basin. 


Tea ao pene caidas ee 
a i a a ee aS 


FAUNA SUMMARY STATISTICS 


ERU ? MAIN BASIN - 1 
SPECIES : COYOTE . 


DURATION + 3640 DAYS 





TIME STEP : 14 DAYS 














INTERVALS $ 259 


POPLILATION 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 0 35.253 17.4251 9165.70 0 G1.5 1862 1 0:5 3612 3 
Ole! 43, 243 23.9307 = 11243.10 0 87.9 2268 1 fro) 3626" I 
16 0. 61 1.9819 8023.90 0 226.0 1274 4} 0.3 340 1 
oe 32.035 27.182 8329.00 0 144.9 1274 1 0.3 3335 3 
TYPICAL WEIGHT (KG) 
AGE SEX MEAN STDDEV TOTAL ZERO MAX IMU MINIMUM 
VALLE DAY NO VALUE DAY NO 
0 90 16.407 4.0945 4265.73 0 21.8 700 1 Tikes Cel oh 
Qo 1 18.548 7.9919 4822, 40 0 4.7 i ae 3.1 3640 1 
i 10.396 2.5319 2703.06 0 17.8 el aa gedoo cin et 
il 10.946 3.0017 2845.87 0 18.8 hol Sly 490) of 
TYPICAL ASSIMILATION (KG) 
AGE SEX MEAN STDDEV TOTAL ZERO MAX IMUM MINIMUM 
VALUE DAY NG VALUE DAY NO 
0 0 -0.159 0.6539 “41.44 0 (3g 1568) “1.6 1442 1 
Oyo! -0,275 0.7150 -71.40 Q 138) 1568 1 Sea Sey I 
1 0 15L 0.5987 37.13 0 932d ={.0) 14421 
ft 0.137 0.6405 35.52 1 1.8 1932 1 stot S514 al 
RECRUITMENT 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINTMUM 
VALLE DAY NO VALUE TAY NO 
9 0 0.450 1.3718 {17.12 196 hehe taser 9! 0.0 Len lye 
ae O.o11 1.4413 132.74 194 8.4 1204 1 0.0 1 194 
Leo 1,396 6.7923 362.83 175 Sila! Wake ik =9.3 1498 1 
tot 1.336 6.8966 347.23 171k Sieg h274 I -8.4 1204 {| 
NATURAL DEATH 
AGE SEX MEAN STDDEV TOTAL ZERO MAX T MUM MINIMUM 
VALUE DAY NOD VALLE DAY NO 
0 0 0.706 3.3854 193.60 0 30.7 1904 1 0.0 182 30 
Opel 0.900 4.1013 33.99 0 Siro 904 0.0 182 3 
et) 1.764 9 458.74 28 118.8 1288 1 0.0 2730 28 
Lh 1.872 8.9491 486.70 21 92.3 1268 1 0.0 3038 21 
PREDATION LOSS 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 0 0.000 0,.0000 0.00 260 0.0 1 260 0.0 1 260 
Or i 9.000 9.0000 0.00 24) 9.0 1 260 9.0 12 
hy 0,000 0.0000 0.00 240 0.0 1 260 0.0 1 260 
ey 0.000 0.0000 0.00 260 0.0 1 260 0.0 1 260 
DISPERSAL 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMUM 
YALUE DAY NU VALUE DAY NO 
0 90 0.257 2.6079 66.92 0 “174 ‘eet sins 2030 ft 
oo 0.397 3.9865 103.11 0 17.4 1 Sod 2080 et 
La 0.370 3.6326 96.2 2 SM aes 1 S| = 6 924. 2 1 
ek 0.937 3.7446 139.74 1 23.4 1274 81 ={S5 12601 


FPR ROO HTH EHH EOE H HHO HOHE EHH DHE H TEETH OH EH HHH HEE DH THEE RHEE EE OHOHH HHH OHHH EOE THH EHO DEH HO ETHER HHT HEH ROH EHR ES 
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Tapie 5.7(b). Jackrabbit on main basin. 
nar RENE ata er RI 
ee a se See 


FAUNA SUMMARY STATISTICS 


——— 


ERU : MAIN BASIN - 1 
SPECIES : JACKRABBIT 
































POPULATION 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
079 331.044 = 540.3089 —- 86071.40 149 1900.6 2 1 0.0 1288 169 
@ 1 474.531 600.9174 — 123378,10 0 1904.7 28 1 19.8 3626 { 
Le 0 9.225 27.1075 1358.60 247 224.4 364 0.0 247 
1 el 104.768 265.1601 — 27239.80 214 1104.1 350 | 0.0 1 214 
22 50.573 114.9492 1315440 199 673.0 266 1 0.0 Ls 
jae) 121.034 292.1261 31448.90 190 1329.9 266 1 0.0 1 190 
TYPICAL WEIGHT (KG) 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
a) 0.641 0.8764 166.72 169 Mee SKIS) 0.0 1288 169 
Oe 2.284 0.1039 993.84 0 Zameen wit 1.7 1554 
leg 0,062 0.2740 16.04 247 Tomes Ti 0.0 1 247 
hod 0.298 0.6484 77.38 214 19) ols oe 0.0 1 214 
2. 0 0.041 0, 1020 10.73 199 0.8 350 1 0.0 We) 
2eF 0.091 «2074 23,60 190 10) 9760 2 ot 0.0 1 190 
TYPICAL ASSIMILATION (KG) 
AGE SEX MEAN STDDEV TOTAL ZERO MAX TUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0, 0 0.001 0.0037 0.23 189 0.0 84 2 0:0)-1274 
0 1 0.002 0.0236 0.42 50 Q.1 1596 1 SUE) EL A at 
{ 9 0.003 0.0199 0.78 247 on S78 0.0 1 247 
at 0,012 0.0282 3.14 214 O1 364 1 0.0 1 214 
AeA) 0.016 0.0302 4.2 199 Gab 208 f 0.0 Lig? 
2m i 0.025 0.0417 6.43 190 Oo) 208e = a 0.0 1 190 
RECRUITMENT 
AGE SEX MEAN STUDEV TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
oh 0 0.000 0.0000 0.00 240 0. 1 260 0.0 1 260 
Oot 2.024 16.8495 526.22 254 21259 O82 il 0.0 1 254 
Lao 0.863 13.9167 224.40 259 224.4 364 1 0.0 { 239 
Let 3.702 74,3382 962.54 42 1106.1 350 1 =21259 a2 
(eM) 33. 748 78.6079 8774.40 204 290.3 448 | -224,.4 364 1 
7h ik 28.883 107.6089 7310.04 203 250.3 448 “1106.1 350 1 
NATURAL DEATH 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
ey) 0.361 0.6754 93.83 169 2a gy 28) 0.0 1288 169 
0 1 0.8465 0.8317 224.83 0 3.2 1386 1 0.0 3108 12 
e=0 0.009 © 0.0449 2.27 248 0.4 272 |} 0.0 1 248 
1 aed 0.1460 0.4806 41.68 215 202 ~ 364 2 0.0 { 215 
Aw) 0.010 0.0337 2.56 237 0.3 280 «6{ 0.0 1 237 
21 0,060 0.1580 15.59 221 0.8 728 1 0,0 iy 773! 
PREDATION LOSS 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 0 3.770 9.4752 1500.32 1493 44,8 998 |} 0.0 1302 168 
Oy 6.460 12.2878 1679.55 149 6329 998 0.0 1456 149 
ty 10 0.842 3.9192 219.90 247 26.9 378 1 0.0 1 247 
hid 3.691 8.5319 959.78 214 38.5 848 1 9.0 1 214 
74 ti) 33.993 72.7459 8724.16 199 274.0 304 | 0.0 eee 
Zeal 28,839 95,9942 7493.17 190 283.0 1 0.0 1 190 
DISPERSAL 
AGE SEX MEAN STDDEV TOTAL ZERO MAX IMUM MINIM 
VALUE DAY NO VALUE DAY NO 
Geno 6.131 89.8128 1594.11 171 1191.0 Lee i! Sale Le. al 
Oo 1 9.378 90.1297 1398.32 0 1191.0 th oe t —308.7., 42 1 
to as, “0,012 0.1170 SOn28 255 0.0 1 255 alia 462)" 1 
Lal 0.150 3.4582 38.89 214 2,1 378 1 =19.1y 2060) 4 
20 0.143 1,783 -37.11 206 14-95 Sela el “8.9 140 {| 
al 0.016 4.2121 4.28 194 45.0 616 1 “16.2 560 1 


DURATION : 3640 DAYS TIME STEP : 14 DAYS INTERVALS : 259 














jie 


Table 5.7(c). Small mammal on main basin. 








ERU + MAIN BASIN - 1 
SPECIES : SM. MAMMAL 








POPLILATION 
AGE SEX MEAN STDDEV ss TOTAL. «=—SsZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 ©  20570,939 16946.9654 5348288.10 59 45975.3 1540. | 0.0 2492 59 
QO 1  35977.279 14676.2346 932609260 0 7al701 1812 I 20068 ° 70 4 
1 0 — 42535.517  40375.2913 11059234.50 78  128995.8 1052 4 6.0 78 
1 1 54020.683 43302.1509 14045377.60 43  136787.7 1344 O01 1 43 
TYPICAL WEIGHT (KG) 
AGE SEX MEAN STDDEV TOTAL ~—s ZERO MAXIMUM HININUM 
VALUE DAY NO VALUE ——«DAY._NO 
0 0 0.051 0.0282 13.31 59 0.1 532 57 0.0 2892 59 
0 1 0.072 0.0053 18166) 7110 01 532 95 i ee 
tage 0.028 020230 7.40 78 0.1 2520 3 0:0 
es 0.041 0.0213 10.59 43 0.1 2478 4 0:02 43 
TYPICAL ASSIMILATION (KG) 
AGE SEX MEAN STDDEV. TOTAL. ~—sZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE “DAY NO 
0 0 0.000 0.0011 0.10 217 6.0 Wee { 0.0 4 27 
Od 0.000 0.0012 Ol! 2tf 0.0. Hee 0.0 3440 4 
Long 0.002 0.0024 O51 134 0.0 1568 | 00 | 138 
‘pont 0.002 0.0024 6.62 115 0.0 476 5 0.0  - 115 
RECRUITMENT 
AGE SEX MEAN STDLEV TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 0 605.793 3346.1341 157504.23 250  30544.6 1526 | 0.0 1 250 
o | 779.357 353.2945 18943279 2412801850 1512 0.0 1 2a 
1 0 © 1727.397 54262264 449123.34 «174 = T301113 1260 «tS -30588'6 1528 I 
1 1 — 1603,634 5671.5545 414996.78 164 «1301103 1260 1 -280180 {512 | 
NATURAL DEATH 
AGE SEX MEAN STONEY «TOTAL. «SséZERO MAX IMUM MINIMUM 
VALUE DAY NO VALUE | DAY NO 
0 0 22.000 21.1302 5720.05.55 1.85 Soe | 0.0 2492 55 
0 f 78.545 112.9269 20821.82 0 935.0 3164 | koe 30M 
1 0 62.149 84.0813 16158179 94 98-1 1092 f Os 1a 
om 80.095 93.2143 2084.48 «47 419.4 1456 Cie su a7 
PREDATION LOSS 
AGE SEX MEAN STDDEV TOTAL ~—SsCTERO MAX IMUM MINIMUM 
VALUE DAY NO ‘VALUE DAY NO 
ee ee ee er 
32, 95,943 360. 5.5 : 
1 9 = 18211231 240314886 473520103 134 = «12083°h 1568 06th 
1 1 — 1668.040 2046.3701 4334690.30 115 100830 1548 0.0 4 115 
DISPERSAL 
AGE SEX MEAN STDDEV «TOTAL. ~—sZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 0 145.121 92831908 3731.96 53 S4755.5 56 1 -57797.2 70d 
Gime 138.032 12113.5968 35888139 029317 2228 «2012-57792. 90 
1 0 156.232 $383, 0620.31 78 «© 57822.1 22726 01 -8202122 12. 
1oyet 144.301 13049,5705 37518.28 46 «= 6154.0 2226 f-112153.9 22124 


DURATION +: 3640 DAYS TIME STEP : 14 DAYS INTERVALS : 259 


Seen nae ie ciety ¥/e, eiMCaIAalsivieie.€ aie\s Cie [EWS Mais we 6 Nwidleiea Ria sm/e/¥ alsin VUlelNAlNisieMeM UVES hf euleweoMatenedas cede se cvdceaat soot eens edgvmciesece 
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Table 5.7(d). Coyote on canyon rim. 








FAUNA SUMMARY STATISTICS 


ERU + CANYON RIM - 1 
SPECIES : COYOTE 

















POPULATION 
AGE SEX MEAN STDDEV TOTAL ZERO MAX TMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 0 18,560 6.7156 4825.50 0 S07 ‘12e0iaiets 0.4 3640 1 
Giked 25.034 11.2707 6508.80 0 52.0 2254 1 0.5 3640 4 
16 2.508 21.3540 5332.00 0 156.8 1260 1 0.1 3640 1 
ee 27.402 26.0127 «7124.40 «=O 111.0 1288 1 0.1 3640 1 
TOTAL 91.503 55.2427 23790.70 0 329:9 1760 1 Uh oko. 4 
TYPICAL WEIGHT (KG) 
AGE SEX MEAN STDDEV TOTAL ZERO MAX TMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 0 19.811 2.4817 4990.88 0 21,9 1064 1 Sineasya, | 4 
ae 22,940 8.2783 5964.37 0 ee. ag 10.8 3360 1 
(ae 11.392 3.4111 2961.80 0 19.0 210 4 31 490 1 
et 11,926 312385 31001650 19.0 210 1 4.37 00 t 
TOTAL 45.068 13.9233 14917.70 0 106.5 "de 1 37.1 3360 1 
TYPICAL ASSIMILATION (KG) 
AGE SEX MEAN STDDEV TOTAL ‘ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 0 0.005 0.5079 1.39 0 1.5 1568 1 “1.4 2998 1 
his ~0.090 0.5844 7537 0 0 5 1563 1 =2.3 98k 
io 0.308 0.5090 0.06 0 1b Bee 4 Sv Sh kinenet 
fae 0,343 0.5317 94.44 0 eae 1.0 3340 1 
TOTAL 0.587 1.9949 152.52 0 BA 4932" 1 oer) | 
RECRUITMENT 
AGE SEX MEAN STDDEV TOTAL ZERO MAX TUM MINIMUM 
VALLE DAY NO VALUE DAY NO 
0 0 0.165 0.6285 43.01 219 43 Ret 4 6.0 £1219 
ont 0:302 1.1743 78:47 219 7:6 1876 1 0.0 {£ 249 
1 0 1.852 5.8138 481.41 184 94.4 1260 1 hh Tipe 
jee 1.715 4.0209 445.97 180 34.4 1260 1 bie e! f 
TOTAL 4.034 11.6023 1048.84 220 48.9 1260 1 G08 t 220 
NATURAL DEATH 
AGE SEX MEAN STDDEV TOTAL —ZERO MAX IMUM WINTMUM 
VALUE DAY NO VALUE DAY NO 
0 0 0.060 0.1837 15.461 5 2:3 9978 1 0.0 3500 § 
‘ee 0.057 0.1843 14.82 5 2:8 Sean | 0.0 3500 5 
ie 6 1.519 7.6208 394.95 70 103.1 1288 1 0.0 28 70 
tet 1.215 5.8124 315.96 64 12464 0.0 28 64 
TOTAL 2.85 0095 134 ee 2 103.2 1288 | 0.0 3500 2 
PREDATION LOSS 
AGE SEX MEAN STDDEV TOTAL ‘ZERO MAX IMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
6 0 0.000 0.0000 0.00 260 0:0 2 260 O10) 1 260 
oO 4 0.000 0.0000 0.00 260 0.0 260 0.0 240 
i 9 0.000 0.0000 0.00 260 00° 41M 0.0 1 260 
inet 0.000 0000 0.00 260 0:0 1 260 0.0 1 260 
TOTAL 0,000 0.0000 0.00 260 O00) 10080 0.0 1 260 
DISPERSAL 
AGE SEX MEAN STDDEV TOTAL «© ZERO MAX TMUM MINTMUM 
VALUE DAY NO VALUE DAY NO 
0 0 -0,257 2.4079 66.920 11.7 2030 1 AV 14 
0 1 0,397 3.5865 -103.11 0 19.4 2020 4 S17ge ey 
{7-9 -0,370 3.6326 -%.29 2 a1 924 4 “38:5 1278 
bet -0,537 3.7446 = --139.74 15.1 1260 4 -5.4 1274 4 
TOTAL -1,562 12.3096 -806.06 =O 51.3 2030 1 81.0 1274 1 


DURATION © 3440 DAYS TIME STEP : 14 DAYS INTERVALS : 259 


POCO HEH OF OO e HE THE EAE HERO ETDHH OOH HSE HHH HEH EHS HHTATSE THOT OE DHHS TUHS HOV OHY EB HOTT SOSH EH EEHOHHSS EHO eHHoOHESHORET ODE ETDO HERDED 





Table 5.7 (e). 


ERU + CANYON RIM - 1 
SPECIES = BIGHORN . 
POPULATION 
AGE SEX MEAN 
9 9 12.748 
De A 10.260 
nO 5.392 
et 3.207 
2 0 13 
eek 5.479 
TOTAL 44.598 


TYPICAL WEIGHT (KG) 


AGE SEX 


MEAN 


ANNE es OD 
a a 


OTAL 


272,993 
389, 883 
244,713 
341.566 
131.074 
178.733 
1558,.553 


TYPICAL ASSIMILATION (KG) 


AGE SEX 


SAN rr FOOD 


Oo 
| 
Peonocrs 


RECRUITMENT 


-0, 222 
-0.320 
2.073 
3.060 
3,883 
3.98, 
4.460 


Nm 


1 


MEAN 


Sah Nee OSD 
o 
= 
Fpmoroms 


NATURAL DEATH 
AGE SEX 


MEAN 


AN MmYH-K OS 
or-orS 


i 
OTAL 


PREDATION LOSS 
AGE SEX 


22g 


Pee 
QQ 


esssoess 
RRS 


an 
oO 
o 


MEAN 


oO 


MEAN 


ANN —- SO 
o ~~ 
= 

FPHo+ on-a 


DURATION + 3640 DAYS 


TIME STEP : 14 DAYS 


STDDEV 


23,3437 
41.8211 
32.2498 
34.7141 
31.2742 
43,472) 
177.3691 


STDDEV 


4, 6496 
8.4095 
6.0378 
9.217) 
4,8337 
7.4389 
37.7631 





Coley, 


Bighorn on canyon rim. 


FAUNA SUMMARY STATISTICS 


TOTAL 


3314.40 
2467.50 
1401, 90 
1353.70 
1433.40 
1424.30 
11595. 40 


TOTAL 


70363..66 
101370.87 
63626. 57 
$8807.15 
$4079.68 
44473.73 
405223, 64 


TOTAL 


Ss 
(NO Ch S ~~ 


& in Loo 


— 


TOTAL 


13,00 
10.58 
2.81 
4,94 
&3,.07 
60.47 
154.87 


SSSsssE 


ecosoosco 


ZERO 


Soo 


Coos 


oSooococ 


coocooOre 


ZERO 
240 


240 
240 


260 
260 








VALLE 


| 
: 
| 


Hes Mh ie 

CO 9 OPIN PO 
Ww 

POO OLS BS hoe 


MINIMUM 


VALUE DAY NO 


[Stee 
£28 


1 

i 
1526} 
15401 
i 

i 

{ 


— 
a) CA 


fo Dm 


318 
1340 
1548 


NO ere ONLY 


Baa 


MINTNUM 


VALUE DAY NO 
Sloan 470) el 
“19.2 1470 1 
“10,1 3640 1 
“17,2 1470 1 

Sh. 0/1 470m ot 
1470 1 
1470 I 


abe 
“73.6 


MINIMUM 


MAXIMUM 
VALUE DAY NO 
16.0 1442 3 
13.3 1106 1 
8.9 1848 4 
i aomeuliae 6 
Z1.9 896 { 
13.8 1246 1 
70.1 1246 1 
MAXIMUM 
VALUE DAY NO 
284.3 994 1 
418.2 994 1 
275.0 3108 1 
402.9 1078 { 
185.5 474 i 
257.2 1750 1 
{Fi.2 Siz 1 
MAXIMUM 
VALUE DAY NO 
23.8 1610 1 
44,2 1810 1 
37,4 1410 } 
49.8 1410 1 
28.2. 1410 1 
43,2 14610 { 
726.9 1410 1 
MAX IMLIM 
VALLE DAY NO 
2.6 1442 1 
Ph GS 
2) tole 1 
4.6 1176 1 
<hy? VE! | 
Sie salts} 1 
, Oe Slo er 
MAXIMUM 
VALUE DAY NO 
4.0 1582 1 
4.8 1540 1 
1.9 1540 { 
2.4 1540 1 
ge al 1 
9.5 1240 { 
19.1 1260 1 
MAXIMUM 
VALUE DAY. NO 
0.0 { 240 
0.0 1 240 
0.0 1 240 
0,0 1 260 
0.0 1 240 
0.0 { 260 
0.0 1 260 
PAX IMUM 
VALUE DAY NO 
0.0 1 240 
0.0 1 240 
0.0 1 240 
0.0 1 260 
0.0 1 240 
0.0 1 240 
0.0 1 260 


INTERVALS : 259 


VALUE «DAY. NO 
oe Ot 
eR aleve. 
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1105 | 

Sioa 4 
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VALLE DAY NO 
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0.0 1 240 
0.0 1 240 
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1 260 
1 260 
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Mule deer on canyon rim. 


ERU : CANYON RIM - 1 
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16.897 
58.826 
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_FAU INA SUMMARY STATISTICS 





STDDEV _ Tora 


ee 


7.18699 2249, 40 
2.8517 1084.90 


1.9485 236.90 
2.4913 316.30 
2.6590 923.70 
3.6130 781.40 
18.6616 5292. 60 
STDDEV TOTAL 
24,6347 = 14462.17 
16, 6235 38642. 47 
PUBEY. 32 2 4393, 32 
69.1773 15294.72 
14,4179 2078.81 
30.2724 7373.90 


160.8212  §2767.39 


ZERO 


44 

0 
197 
149 
138 
116 

0 


ZERO 


734 


ZERO 


ZERO 
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VALUE 
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Pro o-onie oO 


DAY NO 


t 
1078 
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ee ee 
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VALUE 


DAY NO 
3023 44 
3290 26 
1036 187 
1548 149 
1044 138 
1400 116 
329026 
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169.1 
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161.4 
45.1 
108.3 
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3040) 
1036 1 
g54 Od 
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DAY NO 
1424 
1424 
994 
1526 
1358 
1624 
1260 


ee ee ee 


MEAN STIDEV TOTAL 
0.014 ).7451 4,13 
-),028 3.0031 -7,18 
0.170 0.6311 44,14 
0.577 2.1008 150.02 
0.429 0.6812 111.465 
1.392 1.9154 342,03 
Peay 5. 7489 664.80 
MEAN STDUEV TOTAL 
0.004 09,0595 0.96 
0.010 0.1654 2.67 
0.002 0.0965 0.50 
0.015 0.2885 3.78 
0.247 0,9318 64.27 
0.228 0, 9431 59.28 
504 1.9543 131.46 
MEAN STDDEV TOTAL 
0.014 0,0142 4,27 
0.007 0.0074 1.84 
0.000 0.00146 0.07 
9.001 ~ 9.0031 0.2 
0.113 0.4910 29,48 
0. 142 1.0245 3h6.97 
0.280 1.4325 72.92 
MEAN STBDEV TOTAL 
0. 060 0.0770 15,42 
030 0.0416 7.87 
o. 019 0.0455 5.03 
0,031 0.0485 8.09 
0.140 0.9307 41,47 
O.AMt 0. 2847 28.89 
0.411 0.8460 104.97 
MEAN _STDDEV TOTAL 
0.000 0,.0000 0.00 
0.000 0,0000 0.00 
0,000 0.0000 0.00 
0,000 0. 0000 0,00 
0.000 0.0000 0.00 
0.000 0.0000 9.00 
0.000 0.0000 0.00 
TIME STEP : 14 DAYS 
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Table 5.7 (g). Jackrabbit on canyon rim. 
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FAUNA SUMMARY STATISTICS 





ERU > CANYON RIN - 1 
SPECIES + JACKRABBIT 
POPULATION 
AGE SEX MEAN STDOEV TOTAL ZERO MAX IMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 0 210.771 349.3574 © 54800.50 175 1444.7 et 0.0 1204 175 
Oe 294.173 375.8734 —- 76485. 10 0 1448.3 1 1 11.6 3640 1 
Lee 0,000 0.0000 0.00 260 9.0 1 260 0.0 1 260 
Lek 60.097 = 145,3348 = 15625.10 213 643.8 350 1 0.0 [eis 
A 27.768 63.8310 7219.80 207 2/863) 266) 9.0 1 207 
cee 79,441 191.7343  20654.40 196 $56.3 630 1 0.0 1 194 
TOTAL 672.250 1004.2898 174785. 10 0 3066.1 266 = 1 11.6 3440 1 
TYPICAL WEIGHT (KG) 
AGE SEX MEAN STDODEV TOTAL ZERO MAXTMUM MINTHUM 
VALUE DAY NO VALUE DAY NO 
0 0 0,599 0.8615 155.61 175 Ld see lOme te 0.0 1204 175 
0 1 2.301 0.0607 398.17 0 Capek” RS 9%) 2.0 1 1 
10 0.000 0,.0000 0.00 2 0.0 1 260 0.0 1 260 
iy ot 0.301 0.6474 7.18 213 Lee 18 at 9.0 I PANE 
Zoe 9.030 0.0673 7.80 207 0.4 208" 9.0 { 207 
he aint 0.085 0.2022 22.03 196 LORS 7265 amt 0.0 1 196 
TOTAL 3.315 ‘: 5613 861.80 ) 6.9 672 2.2 1540 1 
TYPICAL ASSIMILATION (KG) 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINTMLUM 
VALUE DAY NO VALUE DAY NO 
YW 0,00! 0.0032 0.27 208 O10" 84 2 0.0 1092 1 
iy 0.001 0.0147 0.34 43 0.0 1554 2 =O.) 3640 1 
{ Q 0.000 0.0000 0.00 240 0.0 1 260 0.0 240 
Hee oe | 0.012 0.0285 3.23 213 Ol 34 1 0.0 ez 
a i) 0.014 0.0284 3.12 207 (Otlasiz es sl 0.0 L207 
Zed 0.023 0.0409 297 = 196 0.1 308 | 0.0 Les 
TOTAL 0,092 0.0906 1355342 O73) 620! “0.1 3640 31 
RECRUITMENT 
AGE SEX MEAN STDDEV TOTAL ZERO MAX IMUM MINT MUM 
VALLE DAY NO VALUE DAY NOD 
ty 0.000 0.0000 9,00 260 6.0 1 260 0.0 1 260 
Ope 1.017 8.1736 oe 42. 254 WOE Rl 0.0 1 254 
{ 0 0.000 0.0000 0.00 260 0.0 1 260 0.0 1 260 
aaa 2.672 43.9285 4694.62 251 643.8 350 1 S103. 95321 
200 22.071 49,7833 3743.53 9 Z11 opel 265s | 0.0 Lett 
Zee 13.402 67.0824 4734.54 7208 bop cos mm -$43,8 350 4 
TOTAL 44.181 99.9675 1487.16 211 333.2 265 4 0.0 Tez 
NATURAL DEATH 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMUM 
_VALUE DAY NO VALUE DAY NO 
Oo 0.241 9.4588 62.53 172 Pee VAT. asl 0.0 1204 172 
0 1 0,526 0.4230 136.77 0 Zee {eit Q.0 2842 17 
L =0 9.012 0.1166 3.23 255 1.5 462 1 9.0 1 255 
eat 0.090 0.2589 23.46 214 Vi2y 364 9 9.0 1 214 
fo ~ At) 0.008 0.0407 2.07 234 0.4 1246 1 0.0 1 234 
Ze 0,044 0.1198 11.95 218 Gye GRP 7 0.0 1 218 
TOTAL 0.923 1.0829 240.04 0 Buy LE ti 0.0 2842 17 
PREDATION LOSS 
AGE SEX MEAN STDDEY TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 0 3.813 6.8400 9A.29 174 33.7 1008 1 9.0 1218 174 
Cm 9.252 9.8200 1365.67 41 63.2 1204 | 0.0 224) 41 
ee) 0,000 0.0000 0,00 240 9.0 1 260 0.0 1 240 
el 2.432 9.6343 632.27 213 27.0 248 { 0.0 { 213 
2 , 22.226 43.4594 5778.63 207 192.6 504 1 0.0 1 207 
2 18.33 36.2102 4767.99 196 152.6 140 1 0.0 1 195 
TOTAL 52.061 94.1544 §©13595.85 1 374.4 504 J 0.0 2240 &t 
DISPERSAL 
AGE SEX MEAN STDDEV TOTAL ZERO MAX TMUM MINIMUM 
__VALUE DAY NO VALUE TAY NQ 
Dies 0) ~4, 131 89.8128  -1594.11 171 308.1 42 “1191.0 1 { 
0 1 -5.373 90,1297  -1398.32 9 308.7 420 “1191.0 1 t 
star 0) 0.012 0.1170 3.24 9255 Pegi 442 4 9.0 lyzos 
ee -0, 150 3.4522 -33.99 214 Loe aed PROS wis 
Pay A) 0.143 1.7853 37,11 206 8.9 140 1 “14,9 616 1 
Phe od 0.016 4.2121 -4,.238 194 16.2 360 1 ~45.0 616 1 
TOTAL “11,520 180.8578 — -2995.25 0 $16.8 42 | - 2382.0 1 1 
DURATION +: 3640 DAYS TIME STEP : 14 Days INTERVALS 3 259 
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Table 5.7(h). Small mammal on canyon rim. 


FAUNA SUMMARY STATISTICS 


ERU * CANYON RIM - 1 
SPECIES : SM. MAMMAL 


POPULATION 

AGE SEX MEAN STDDEV TOTAL ZERO MAX TMUM MINIMUM 

~ VALUE DAY NO VALUE DAY NO 
0 0 12019.805 10094.6515 3125149.40 47 572370070) eel 0.0 2520 a7 
0 1 20099.888 9348.7582 5225970.90 Q 70930.0 2212 1 156355 36 
1 0 —24366.2738 23805.9132 4335232.20 78 80440.2 980 1 0.0 ks 
1 { = 30009.875  25652.3001 7902567.40 49 981960 2212 1 0.0 1 49 
TOTAL © 86495.846 58759.6717. 22488920.00 Q 20599950 2212" 1 31270 36 — } 


TYPICAL WEIGHT (KG) 





Pt = - = - = oa = 








AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY NO VALUE DAY NO 
0 9 0,054 9.0240 14.14 47 Onl Do ciemon 0.0 2520 47 
came ( 072 0.0052 18.67 0 0.1 aot 98 OOS nt 
10 0.028 0.0221 7.40 78 Ort 52520 2 0.0 1 73 
eer 0.039 0.0218 10.14 49 9.1 2092 1 0.0 1 49 
TOTAL 0,194 0.0624 50,35 0 0.3 1428 2 Vols 3360) eZ 
TYPICAL ASSIMILATION (KG) 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMUM 
VALUE DAY ND VALUE DAY NO 
0 0 9.000 0.0011 0.10 216 CFO iz! 0.0 1 214 
Ot 0.000 0.0012 O11 210 WE) be. Sl 0.0 340 1 
an) 9.002 0.0024 0.51 134 0.0 1548 1 0.0 1 134 
eed 0.002 0.0027 O.61 12 0.0 2660 | 0.0 ie 
TOTAL 0,005 9.0063 1.33 115 9.0 40468 1 0.0 3640 1 
RECRUITMENT 
AGE SEX MEAN STDDEV TOTAL ZERO MAXIMUM MINIMLIM 
VALLE DAY NO VALUE DAY NO 
0 0 308.145 80117.59 250 {3126.7 15269 1 0.0 zoo 
Qi 373.162 97022,01 244 1933353) 221259 1 0.0 1 244 
170 1181.136 307108.33 174 THOT A638 1312607" 1526 4 
lel 1116. 149 290203.94 167 ING) 1688 = 19332585 2212) 
TOTAL 297.661 5065. 9309 T74451.94 183 153833.4 1638 1 0.0 1 183 
NATURAL DEATH 
AGE SEX MEAN STDDEY TOTAL ZERO MAXIMUM MINTNUM 
VALUE DAY NO VALUE DAY NO 
0 0 12.302 13.5340 3198.63 48 Were ge! I 0.0 420 43 
eg 45.107 78.0049 = 11727.92 0 J3%.7 3094 1.3 «(8 1 
aes 32,814 40.3044 e531.67 92 19659) 2212, 1 0.0 Moz 
he AL. SW 44.7579 0815.62 50 393.6 2212 | 0.0 Ly 30 
TOTAL 131.823 111.0561 34274.04 0 $96.9 2212 1 2.6 84 1 


PREDATION LOSS 
AGE SEX MEAN STDBEV TOTAL ZERO MAX T MUM MINIMUM 


VALUE DAY NO VALUE TAY NO 


0 0 388.645 473.5542 101047.42 173 1937.7 1288 1 Gor 1) iz 
0 1 406.748 445.0028 10579343 $0) t80718 1788 | 0.0 1 % 
1 0 992,088 1274.8632 257929.90 134 5629.8 182 0.0 1 134 
{a0 93.269 1122.2863 241869.83 121 58406 192 1 Com 212) 
TOTAL ©—«-2717.695 3149.4514 704600.83 90 ~«©=—-1236.0 1288 0.0 1 % 
DISPERSAL 

AGE SEX MEAN STDUEV TOTAL. «= ZERO MAX TMU MINIMUM 

VALUE = DAY. ND) VALUE. =A. NO 
0 0 145.121 92831908 -37731.35 53 57792.2 70 1 -56755.5 5% 1 
0 1 138,032 121136868 -35863.39 0. 577922 70 1 622317 22% 1 
1 0 — -156.222$368.7783 -80620.31 78 = b2021.2 2212 1 -S7AZ2. 2726 
Loral Abd. #01 13049.5705 37518. 28 Me 12153.9 7212 1 -B6154.0 2226 
TOTAL «—«=5831586 47012;9483 -151750,58 0 DASRSIIS 3412 «| -goenascg Gee 


DURATION + 3640 DAYS TIME STEP : 14 DAYS INTERVALS 3 259 
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Figure 5.5. 
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Fauna submodel state variables for mature females for 10-year, 2-ERU run. 
plotted because of confusing effect of large shifts in juveniles. 
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(kg) on Canyon Rim. 
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populations is due to lack of adequate survivorship of young cohorts due to inadequate food. 


Note different scales. 


X-axis is time in days since 1 January 1963. 
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Figure 5.5. (continued). 
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Figure 5.5. (continued). 
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suggested that for future projects such as this, contract specifications be 
better defined and investigators work more closely with agency staff. 


The second and more difficult criterion is verification of model code. 
Part of the process of verifying the code is establishing that the numerical 
techniques used perform adequately. This is not a trivial consideration when 
numerical integration, random number generators, matrix inversion programs, 
etc. are used. The numericai techniques used in SAGEGRASS, aside from built 
in arithmetic, trigonometric, and logical PASCAL functions, are YX and 
integration. 


The function YX | though found on most calculators, is not provided by 
PASCAL. We wrote a function YTOX which will raise positive Y to a positive or 
negative power real X, and negative Y to a positive or negative power X as 
long as X is a whole number. Raising negative Y to a non-whole value yields 
MAXINT as an error value. This function has been thoroughly checked. 


The numerical technique used is similar to Euler integration except that 
if time steps longer than 1 day are used, the driving variables are averaged 
for that period for the plant and animal models (see Sec. 4.3.1.1). A 
rigorous check of this technique has not been done but it is known that the 
method does not cause drift or blow up over a several year simulation period. 


Because of feedback, the use of checks for flows or state variables out 
of range (negative, for example), and 15 significant digits on the CDC CYBER 
171, it is not expected that round off errors will be appreciable. 


Another part of code verification is showing that the code is correct. 
It is clear that the formal technique of "program proving" involving input/ 
output assertions about the logical relationships between the variables of the 
program (e.g., Cutler 1980) is too complex for such a large program as this. 
In any case, when there is so much uncertainty about the equations used and 
their parameters, it may not be very profitable to use such a sophisticated 
technique to verify the code. Other program testing tools were not available 
to the authors. What has been done is to go over the code in detail many 
times, making efficiency changes, searching for errors, and examining logic. 
In addition, hundreds of simulation runs have turned up many errors which have 
been corrected. It can be said with some confidence, then, that the code does 
what is intended in almost all cases. There are likely some hidden errors 
that will only surface under unusual circumstances. Continued model usage 
should turn these up. There aré some minor format problems on output tables. 
Other known errors or improvements are discussed in Sec. 6.3. 


5.3.2 Evaluation of Models 


Unfortunately, evaluation of the usefulness or truth content of an 
ecological simulation model is not currently based on a standard procedure. In 
fact, as Caswell (1976) shows, the whole concept of "validation" of ecological 
models is almost universally misconstrued by ecologists. The following 
discussion is thus necessary to establish the proper methods for model 
evaluation. It agrees with Caswell (1976) in most respects but goes beyond 
his analysis and treats some new.topics. 
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The basic distinction, which is often not made, is between theoretical 
models (theories) and predictive models (calculation tools). Validation of a 
theory is the problem of induction and Popper (1963) has shown that there is 
no valid technique for proving the truth of any theory via induction. 

Instead, we can corroborate our theories as they pass more and more stringent 
tests but this only increases our confidence and can mever be absolute proof. 
In contrast, predictive models (calculation tools) are judged as to usefulness 
based on how accurately they can predict aspects of the real world or on how 
well they meet design specification. 


Confusion has arisen in the ecological literature due to a failure to 
distinguish between these two classes of models. Goodness of fit to 
ecological data is taken as the main criteria for model evaluation (Caswel I 
1976). The problem is that goodness of fit is necessary but not sufficient as 
a criterion for evaluation of a theory. We can accept a predictive model as 
being sufficiently accurate but we can only fail to reject a theory. 


It is not sufficient to say that our models are invalid (because not 
perfect) but useful, as stated by Mankin et al. (1975) because this blurs the 
distinction between theories and calculation tools. A good theory should do 
more than just predict, it should explain. It's structure should be 
interpretable in terms of the real world. Thus, generally, a multiple 
regression model would not be a good theory because the regression 
coefficients have no biological interpretation. 


The root dynamics model of Ares and Singh (1974) is a good example of the 
danger of failure to distinguish theory from curve fitting. Seven of their 
seventeen process equations are discontinuous functions. AI! are functions of 
time. Because they fit these functions to their data, they were able to get 
reasonable seasonal dynamics. The problem arises because they state that this 
model can (i) synthesize the available knowledge into a conceptual framework 
and (ii) indicate the critical rate processes. The fact that the data has 
been fit by a type of state variable model seems to indicate that explanation 
has taken place. However, a model with functions based entirely on time 
clearly does not explain the mechanisms involved. Changes in the system that 
are actually responses of the plant to changes in the environment are modelled 
as phenological functions, leading us to expect some sort of elaborate timing 
apparatus within the plant. A delay in spring due to a long winter or an 
early summer dry spell would yield data that could not be fit at all by this 
model. Thus, this model is based on a faulty conceptual framework if the 
intent is to explain rather than just fit the data. Mechanisms postulated by 
the model (many biological clocks) should be tested before the next step 
(discovering critical rate processes) is undertaken. 


Many other examples could be given of ecological models with biologically 
uninterpretable parameters, unmeasurable state variables, or ones that are 
just untestable. If these models have prediction as their sole purpose there 
is no problem, but treating them as theories and drawing conclusions about the 
real system from them is hazardous and obscures the distinction between an ad 
hoc model and a good theory. It will be shown below that these two types of 
models require very different tests of their "goodness." 


Logical models are one further type of model which must be treated before 
examining the evaluation techniques that are appropriate. Certain types of 
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simulation models embody logical structures exclusively (except for I/O). 
Thus, a simulation of a mechanical telephone switching system, a chess playing 
computer program, and a simulator of a computer operating system all share the 
characteristics that they are logical operators and may perform their tasks 
exactly. This distinguishes them from any theory or calculation tool which 
can only approximate reality. As long as we ask the computer to do 
bookkeeping, for example, it does what it is supposed to do exactly. The 
classes of behaviors which may be modelled in this way include certain 
machines which perform binary operations (player pianos, coin sorters, 
switching networks, etc.), and mental processes or algorithms which follow 
rigid logical sequences such as payroll systems. Few, if any, ecological 
systems belong to this set. 


We thus arrive at three types of simulation models: logical, 
theoretical, and predictive. These are the ideal types proposed but, of 
course, many actual models are some combination of the three. The discussion 
which follows assumes these ideal types. 


The method used for evaluation of the quality, usefulness, or 
truthfulness of a simulation model will differ for each of the three model 
types discussed above. To avoid terminological confusion in what follows, 
standard definitions involved in'model evaluation are taken from Innis et al. 
OTT )e 


Reality: An entity, situation, or system which has 
been selected for analysis. (Its characteristics are 
established by observational or experimental data--—both 
qualitative and quantitative.) 


Conceptual Model: The verbal description, equations, 
governing relationships, or physical laws that purport to 
describe the behavior of some or all of the aspects of an 
entity, situation or system. (The characterization 
usually reflects the intended use for which the model was 
developed.) 


Domain of Applicability of the Conceptual Model: The 


prescribed set of conditions for which the Conceptual 
Model is intended to match Reality. (Specific selection 
of the value of model parameters should be identified to 
match the prescribed conditions.) 


Range of Accuracy of the Conceptual Model: An 


indication of the expected agreement between the 
Conceptual Model and Reality, consistent with a given 
Domain of Applicability. 


Computer Simulation: The computerized implementation 
of a Conceptual Model. 


Simulation Verification: The process which generates 
evidence that a Computer Simulation represents a 
Conceptual Model within prescribed limits of accuracy, 
i.e., the computerized implementation conforms to its 
design objectives. 
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Domain of Applicability of the Computer Simulation: 


The prescribed set of conditions for which the Computer 
Simulation is intended to match Reality. 


Range of Accuracy of the Computer Simulation: An 


indication of the expected agreement between the Computer 
Simulation and Reality, consistent with a given Domain of 
Applicability. 


Simulation Validation: The process which generates 
evidence that the Computer Simulation possess a Range of 
Accuracy within a prescribed set of limits, consistent 
with a given Domain of Applicability. (Selection of a 
suitable Domain of Applicability and Range of Accuracy 
should reflect the purpose for which the simulation is 
intended.) 


Simulation Certification: The process by which a 
Computer Simulation is declared to be usable for a 
specified class of studies or purposes. The certification 
process culminates in the creation of a document which 
includes: 


(1) a description of the Conceptual Model and its 
computerized implementation 


(2) a statement of the simulation's Domain of 
Applicability and Range of Accuracy 


(3) A description of the Simulation Vertification 
and Validation procedures actually employed 
along with a critical evaluation of the adequacy 
of the tests and a discussion of the test 
results. 


Testing a Logical Model. This type of model may be evaluated by the 


usual "validation" techniques extant in the computer science literature (Innis 
et al. 1977). Some of these models may be perfectly valid in the sense of no 
error in their predictions or operation. Others may have varying degrees of 
usefulness based on comparison with design specification. It is not 
appropriate to use techniques applicable to this class of model to evaluate 
theory. Taking concepts from the computer science validation literature and 
applying them to biological simulation models is not justified and has added 
to the confusion about how we should evlauate such models. Since ecological 
systems do not fall in this class, this type of model will not be discussed 
further. 


Testing a Theoretical Model. Before tests of the theory embodied by a 


simulation model are begun, the possibility of confounding sources of error 
should be examined. There are three main sources of possible error: 
inaccurate translation of the theory into mathematical form, coding errors, 
and failure of numerical techniques to calculate answers correctly. Due to 
the lack of mathematical sophistication in the field of ecology, it is not 
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uncommon for a theory to be expressed in an inappropriate mathematical form. 
Templeton and Lawlor (1981), for example, cite several examples of the 
"fallacy of the average" in the formulation of ecological optimization models. 
Clearly, conclusions about a theory should not be drawn from the results of an 
incorrectly formulated model. The other two types of error should be 
eliminated during the simulation verification process. 


Once there is confidence that the model is correctly formulated and 
coded, it is possible to use the model to test the theory. However, as 
Caswell (1976) points out, it is not very useful to just generate a time 
series of state variables and reject or accept the whole model based on some 
statistical criteria of goodness of fit. Rather, the application of "strong 
inference" (Platt 1964) is required. This process involves 


i. devising alternative hypotheses, 
ii. devising a crucial experiment, the outcome of which will exclude at 
least one of the hypotheses, 
iii. carrying out the experiment, and 
iv. returning to (i), refining the problem further. 


This process never ends because our theories never capture reality perfectly. 
The effective application of this process in ecology via the use of models is 
admirably treated in Caswell (1976). 


Testing predictive models. There can be no one method for testing the 


adequacy of predictive models because adequacy (credibility, validity) depends 
on the purpose of the project and the time and money constraints involved. 
Project objectives define the ideal domain of applicability. Thus, one test 
criteria is how well the model covers the domain. There may be regions of the 
ideal domain that are covered poorly or not at all but results in the region 
that is covered may still be useful to the user. It should be made clear to 
the user, however, what the realized domain is. Within the realized domain, 
various output variables may have different degrees of accuracy. Describing 
the extent of agreement between reality and the simulation is the 
establishment of the range of accuracy of the simulation. 


Before describing specific tests, it is useful to distinguish between two 
types of predictive models. Within the class of predictive models there are 
two extremes which in pure form may be called appl ication models and 
calculation tools. An application model is one based on wel! established laws 
and theories in which laws are applied to solve a particular problem. The 
usefulness of the model relates to the extent to which we have applied the 
laws correctly. In contrast, a calculation tool is a method for obtaining an 
answer which may not be based on any laws of nature at all. The classic 
example is a purely ad hoc model such as a multiple regression equation which 
may be biologically meaningless but can predict certain things to our 
satisfaction. | 


The two types of model are very different, not in the goodness of fit 
tests we can apply to test them but in the actions we take as a result of 
failure of the model (in some sense). For a calculation tool, most parts of 
the model are subject to adjustment. AI! sources of error are lumped into one 
error term in the model. We can change the structure, the form of the 
equations, and the parameters if it helps us to reduce the error. We can 
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iteratively run through the adjustment process until we (1) have a 
satisfactory model, (2) run out of time or money, or (3) test all possible 
models and find the "best" one. 


In contrast, for an ideal application model, the only things subject to 
adjustment are the boundary conditions. When applying any law to a system it 
is necessary to decide on boundary conditions. We exclude factors that are of 
minor impact and decide that other factors are sufficiently exogenous to the 
system to be modelled as driving variables. Another type of boundary 
condition involves our methods of aggregation and representation. For 
example, we may aggregate all of the leaf biomass of a crop together and 
represent it's spatial pattern with some average vertical distribution. Even 
if we know the photosynthetic, light absorption and scattering, heat and vapor 
exchange, and other laws with a high degree of certitude (which we do not 
yet) it may still be very difficult to represent the crop canopy leaf 
distribution well enough to predict net primary production. 


There are thus three sources of noise (besides measurement error) 
inherent in application type models: inherent noise (e.g-, quantum phenomena, 
genetic variation within a population), boundary condition noise, and boundary 
condition aggregation and representation error. Inherent noise may be 
unavoidable or may be undetectable (though present). Thus, quantum effects at 
the atomic level cannot be eliminated by more accurate measurement but at the 
macroscale they may have no detectable effect. Similarly, genetic variation 
makes most biological processes inherently highly variable, though with a 
large enough sample size the variation may average out. Boundary condition 
noise results from the exclusion of some factor that is not truly 
insignificant. This may be eliminated by including the factor within the model 
or adding it as a driving variable. Boundary condition aggregation and 
representation error are not simple to eliminate and may require tremendous 
ingenuity on the part of the modeller, particularly in the case of ecosystems 
which are highly complex and heterogeneous in space. 


The type of test applied for model evaluation should depend on the model 
type. For calculation tools, goodness of fit is a sufficient criteria but the 
way the data comparison is done depends on the type and complexity of the 
model. For application models, tests should not only evaluate goodness of fit 
but also show which of the three types of error is causing the lack of fit. 

If the noise is inherent we are wasting our time adjusting the aggregation 
scheme. If we treat an application model as though it was a calculation tool, 
feeling free to adjust all parts of it, then we are throwing away the 
information inherent in highly corroborated theories (lows). This is ad 
hocism, a very real danger for modellers. 


Schwartzkopf (1980) describes a simple diagnostic validation method which 
both establishes the degree of confidence we may put in the results and 
provides a means of identifying the relative weaknesses and strengths of the 
model. As given, his method seems best suited to calculation tools but the 
same concept could be applied to application models if the three sources of 
error were kept in mind. The concept of selecting a model for use while 
simultaneously evaluating the input data is set forth in Shaeffer (1980). 

This approach can apply to both types of predictive models. While these 
concepts are useful, and the whole range of statistical tests must be 
considered, specific rules or procedures cannot be laid down because the 











rrr rl nll nl Ol el el Oo? 














ot 


evaluation method used will depend too much on the type of model, project 
objectives, the nature of the data, etc. Thus, taking into account the above 


framework, the evaluation methods for the SAGEGRASS model will be specific to 
the nature of the problem. 


5.3.3 Evaluation of SAGEGRASS 


Model output should be used with great caution. It is not superfluous 
to reemphasize that all models are simplified abstractions of reality. 


There are two general steps in interpreting model output for reason— 
ability. The first of these is to compare the projected seasonal dynamics of 
state variables and flows to that of previous experience. Note, however, that 
each year is different. A check should be made to see if there is "internal 
consistency" in the dynamics of the different variables. For example, in the 
periods of time where the flow rate of standing live vegetation to standing 
dead vegetation is high, one should find a corresponding increase in the state 
variables for standing dead vegetation. 


The second major way to interpret model output is not to rely on the 
result of one run, but instead to use several different runs. In general, it 
is desirable to impose a modelling experiment treatment in some quantitative 
scale. For example, different levels of rainfall should produce a specific 
kind of plot of production vs. rain. Designing such a model experiment 
requires specifying (i) the specific driving variable records to be used, (ii) 
the initial conditions, and (iii) the parameter values. It also requires 
determining which measures or output from the model run will be used in the 
evaluation. 


In the SAGEGRASS model, anything from the literature that was based on 
well founded laws or accurately measured values was not subject to adjustment 
without specifying why this was done. Few such parameters were adjusted. To 
this extent it is an application model. Choices about aggregation and spatial 
relations relate to the boundary conditions of the application part of the 
model. Some relations, equations, and parameters were arbitrary or empirical 
and not necessarily biologically meaningful.. For example, the manner in which 
factors were calculated to affect animal movement between ERUs was chosen so 
as to produce the desired dynamics without necessarily relating to the actual 
choices animals make. To this extent the SAGEGRASS model is a calculation 
tool. 


A unique situation exists in ecological simulation. That is, parameters 
of species are correlated with environment due to local races. Therefore, it 
is hard to transport such a model or to test its credibility. Failure of a 
model tuned for Idaho climate to perform well in Colorado does not necessarily 
indicate failure of the model. Species parameters must be adjusted for local 
races in order to transport the model. Performance evaluation must be based 
On some other data set than an independent site test unless the site is 
nearby. Thus, for this model, tuning was done with the first four years of 
climate data and mainly with the first year (1963). Model performance can be 
tested against the next six years weather which was not used in model! 
development. 
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The following sections evaluate SAGEGRASS performance in terms of the 
concepts domain and range and the sources of error discussed above. 


5.3.3.1 Domain and Range of Abiotic Components 


The domain of applicability of the abiotic section of the model is 
semi-arid vegetation climatic regimes. Very steep topography, extremely thin 
soils, sodic or saline soils, and flooded land cannot be handled by the model. 
Otherwise, normal weather in the sagebrush type of North American should be 
within the domain. 


With minor exceptions, the abiotic sections may be considered to be an 
application model. Equations for heat exchange, percolation of water, etc. 
are fairly well known. The fact that the heat and soil water dynamics are 
reasonable over long simulation periods with no tuning of the model indicates 
the robustness of the laws used. However, the correctness of the application 
of boundary conditions to the Garat in particular cannot be checked because 
there are no data for comparison. What can be done is to state the possible 
souces of error encountered in defining the boundary conditions. 


There is inherent error involved in measuring the climate variables and 
soil types, but this is overwhelmed by the other sources of error. 


The boundary condition noise type of error results mainly from using 
climate data from Twin Falls, Idaho because no data was available on the 
Garat, and from having to estimate potential evaporation and wind in the 
winter. The magnitude of the effect caused by these is hard to guess at but 
is probably not large. Other sources of boundary condition error relate to 
soil and climate variables not included that might be significant. There is 
no way to estimate this at present. 


The boundary condition aggregation error is probably the largest source 
of error for the overall model. The use of daily rather than more frequent 
values for climate variables, and the averaging of climate and soils over 
pastures many thousands of hectares in size is a clear example of the 
aggregation/representation problem. How can we be sure that the average soil 
we model along with the average climate will produce results that we can 
justify applying to the original heterogeneous pasture? Without field studies 
which may be used to statistically test equivalence of soil types, it is hard 
to answer this question. 


5.3.3.2 Domain and Range of Flora Submodel 


The domain of applicability of the flora submodel is the major species 
groups of the sagebrush-grass ecosystem. More specifically, the domain covers 
the modelled state variables of the components of these species groups as they 
vary during the year. Nothing can be said about factors not modelled such as 
lignin content. 


Because no extensive data set could be found that could be used for 
either model development or model testing, the range of accuracy is hard to 
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establish. As in the abiotic model, what must be done at this point is to 
describe the sources of possible error. 


Inherent noise exists in all sexual biological populations because of 
genetic variation. The significance of this noise depends on the process in 
question. Part of the variance around the mean for various features will 
represent this inherent noise. 


Some of the relations in the plant submodel may be classified as being of 
the calculation tool type. These are subject to more arbitrary revisions, if 
necessary, to fit the data. However, major discrepancies should lead us to 
seek more biologically realistic functions. The basis for choosing model 
functions was Occam's Razor which was applied because a lack of good data 
precluded fitting parameters for complex functions or even for determining the 
nature of biologically realistic functions. Some error may be introduced by 
the use of these ad hoc equations. 


Even if the ad hoc equations used are adequate representations of the 
individual processes, considerable boundary condition error is present. 


Boundary condition error must be evaluated within the context of the 
model domain of applicability. There will always be rare diseases, pollution 
agents, etc. whose affect lies outside the intended domain. For the SAGEGRASS 
model, there are some potential boundary condition errors within the intended 
domain. One of these is that production is overestimated for high fertility 
and/or high precipitation conditions. This results from failure to include 
within the system boundaries the effects of self-shading and limiting nutrient 
availabilities. Another such error results from the failure to include the 
effects of temperature on basal respiration. Such errors reduce the realized 
domain or introduce biases in parts of the domain. The complete description 
of boundary condition errors within the context of project objectives awaits 
more extensive testing. 


Several examples of aggregation and representation error may be cited. 
Old and young leaves as well as ephemerals, if present, are represented as one 
homogeneous category. Similarly, roots are represented as a uniform class. 
The soil is modelled in such a way that roots have equal and uniform access to 
all soil in a layer if there are any roots present at all. Spatial 
heterogeneity is ignored, preventing the modelling of species present only on 
special microsites. 


In spite of all these sources of error, the model structure and equations 
appear robust enough to allow approximate seasonal dynamics of major species 
groups to be repreented. 


5.3.3.3 Domain and Range of Fauna Submodel 


The domain of the fauna model is the metabolism, population change, and 
spatial distribution of animals. 


Whereas the metabolism equations are largely of the application model 
type, the diet, population change (birth, death, predation, maturation), and 
migration functions are largely to completely ad hoc (calculation tool type) 
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or empirical. Because the fauna model has not been as extensively tested as 
the other parts of the model, only brief examples of sources of error can be 
given. 


Inherent error (noise) stems from genetic diversity and the same comments 
apply as with plants. 


One example of boundary condition error involves animals that spend part 
of their life outside the spatial limits of the modelled pastures (birds, 
deer, coyotes, etc.) or belowground (grubs, gophers) where the diet selection 
algorithm is incapable of modelling root consumption. Similarly, the model 
does not allow consumption of plant juices by sapsucking insects. 


Aggregation and representation errors relate to the fact that classes of 
species are modelled as one "specie." Other such errors appear in the diet 
selection process and habitat evaluation algorithm. 


Overall, the fauna model seems fairly robust but the realized domain and 
range of accuracy are not well quantified. It should be noted that it has 
only been tested with manmals. 


5.3.3.4 Domain _and Range of SAGEGRASS, Sunmary 


Before a detailed description of the overall domain and range of 
SAGEGRASS is undertaken, it is recommended that (1) obvious data deficiencies 
be remedied, (2) major shortcomings of the model be fixed (see Sec. 6.3), and 
(3) the model be tested on a site with adequate baseline data for comparison. 
Until these steps are taken only the sources of possible error and obvious 
model flaws can be described. 











6. CONCLUSIONS AND GENERAL DISCUSSION 


In this section we give some general conclusions about the modelling 
activity. We discuss some aspects of limitations of data and models, research 
needs, and give general strategies for use of the model. Particularly, we 
give a specific set of reconmendations towards the completion of the 
development and use of this model structure for management planning. 


In general, a model of this degree of complexity must be critiqued by 
many people and tested under many conditions in order to discover parameters 
and data which need refinement. This refinement can lead to vastly improved 
model performance. 


6-1 Data Limitations 


To formulate an ecosystem process in mathematical terms requires a rather 
precise understanding of the physical and physiological forces that together 
comprise the process. Often our knowledge of even the major processes is 
incomplete. The model is, therefore, based on the best, though partial, 
information available and, where data are lacking, on the most reasonable 
conceptualization of the process. 


The model can be operated only by specifying driving variable records, 
initial conditions, and the parameters used in the flow functions. "Poor 
guesses" at initial conditions of state variables will not greatly affect 
model output. However, parameter values for the flow functions may be quite 
important. The question then is how "good" is the available data from which 
parameter values may be derived? It may be nmecesary to draw upon data for 
related groups of organisms to specify a specific species or group within the 
model. For example, if the model has a category of small mammals as a state 
variable, information may be available for related groups of small manmals 
from another region. These values could then be adapted to the smal! manmals 
in a given ecological response unit. For some parameter values there may be 
no data at all and model tuning and intuition are the only methods available 
for obtaining values. 


Other errors are introduced by the process of deriving parameters from 
studies usually done for quite different purposes. Also, it is often 
necessary to treat parameters as time invariant even though they may be 
influenced by soil water, for example, in order to avoid modelling every 
minute aspect of physiology. 


6-2 Model Limitations 


All models are abstractions of real life. Therefore, some of the | imita- 
tions are due to the process of simplification. The model is limited by 
general assumptions about the structure and function of the system being con- 
Sidered. It is limited in the present case particularly by the aggregation of 
plant and animal subsystems into ecological response units and the aggregation 
of system components into the selected state variables. 


To be useful a model must be tractable. Even if complete data and com- 
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prehensive understanding of all the major ecosystem processes were available, 
because of the complexity of an ecosystem, sufficient computer storage and 
Processing time would not be available to handle it. In addition, the more 
complete and precise the model representation, the more specific is the model 
to particular geographic races of plants and animals. A high degree of 
specificity is not desirable when the model is intended to indicate general 
responses of such systems or to extrapolate to some future and only partially 
known conditions. 


Ecological Response Units are conceptual generalizations of the habitats, 
defined as a system that responds in some unique fashion to system activities. 
It is recognized that there is variability among the different components of 
an ERU and, therefore, the response of the ERU will be based primarily upon 
the responses of dominant plant and animal species selected as representative. 
The model output, therefore, represents a generalized response for that 
segment of habitat. It is essential to generalize in this fashion in order to 
make the model practical, although the actual responses of the system 
components may vary. 


6-3 Research Needs 


Once a simulation model has been tested, various improvements become 
obvious. Equations whose functional form is known with some confidence may be 
subjected to sensitivity analysis and parameter adjustment. For equations 
with a lower degree of functional form certainty more rigorous comparisons may 
be made against the literature or field exper iments may be performed. 

Specific work needed is discussed below by submodel. 


Climate. Model testing showed that because of nonexistent evaporation 
and wind data in midwinter, the prediction of solar radiation was not entirely 
Satisfactory. This may be rectified by estimating solar radiation in another 
way or by obtaining better estimates for the missing data. 


Abiotic. If no changes are made in the plant model which require soil 
temperature (see below), then there is currently no need for the heat submodel 
except for litter decomposition which could be based on air temperature. If 
the heat submodel is required in future versions of the model, then snow 
should act as an insulator and there should be heat exchange between the snow 
and the soil. 


Flora. In order to use the respiration equation based on Thornly, the 
parameter KD (Barnes and Hole 1978) had to be reduced by an order of 
magnitude. This is most likely due to the fact that they derived it for 
plants at the peak of the growing season. It seems logical that maintenance 
respiration would vary with temperature. The error showed up via excessive 
winter respiration so KD was reduced to allow winter survival even though this 
meant an underestimate of summer respiration. It seems, then, that a better 
representation of basal respiration is needed to incorporate temperature 
effects. This may require basic research in plant physiology. 


With the current checks in the models, the equations using XPALL may be 
redundant. 
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A fundamental problem in modelling terrestrial vegetation is the 
development of criteria for aggregating species. Minor plant species may 
occupy rare microsites. When thousands of hectares are aggregated and given 
one soil type, there is no way to model the competitive interactions 
mechanistically so that all species can be successfully modelled as occurring 
together. How do we decide which species to aggregate together? What 
parameters do we give to this "species?" For conmunities in which groups of 
species segregate based on microsite differences, an improvement in realism 
may be realized by adding a level to the spatial hierarchy. By modelling 
microsites within ERUs, each of which is considered to have a few dominants, 
the species diversity of a landscape may be considerably increased. The 
change in the fauna model which must accompany this is that animals in an ERU 
must be able to graze from all microsites within the ERU. This is essentially 
a bookkeeping problem that is technically tricky but not theoretically 
difficult. 


It may be necessary at some future time to mode! sagebrush more 
realistically by incorporating ephemeral leaves into the model. 


It is not sufficiently possible to distinguish between tap-—rooted and 
fibrous rooted species in the model. The solution to this is not clear. 


Because of the extreme genetic variability exhibited by cheatgrass, the 
modelling assumption of genetic uniformity breaks down. This heterogeneity is 
a significant aspect of the adaptive strategy of cheatgrass which enables it 
to survive suppression and then respond to site availability rapidly. 
Modelling such a process may require an entirely different model framework. 
Thus, cheatgrass as modelled is similar to cheatgrass but does not capture its 
strategy very well. 


Fauna. Although the fauna submodel seems to function adequately, several 
areas could use improvement. 


Many aspects of the diet selection and intake process need reworking. 
Because the animal has a constant diet by season for each ERU, change in 
species composition may give rise to plants being available which the animal 
cannot eat, although in reality it could. Also, animals are not able to 
distinguish between plant parts. Solving these problems would not be simple. 
There is a need for better allocation of grazing to green and nongreen 
vegetation. Coyotes need to be able to have access to carrion which is 
modelled but is inaccessible to them. The inability of animals to distinguish 
between shrub age classes means that all grazing of a shrub species is taken 
from the size class first encountered in the data structure. Thus, an attempt 
may be made to take a large amount of forage from a very few small shrubs, 
giving unrealistic results. This problem needs resolution. Because dead is 
as nutritious as green and because green is equally nutritious in all seasons, 
winter is not particularly severe and the lack of resulting mortality keeps 
fauna populations too high. Another problem is that juvenile and immature 
cohorts of most species are able to eat unreasonably large amounts of food. 
This is because they are able to eat whatever they need for respiration and 
growth if it is available. This should be contrained by realistic maximum 
intake rates. 
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A minor problem is that animals are able to migrate while hibernating. 
While the idea of somnambulant ground squirrels is amusing and no major 
problems result, it is somewhat unrealistic. 


The home range concept is weak. What should be used is the area the 
animal could search by sight, smell, and hearing per day. It has been shown 
(Schoener 1968) that the area of the home range can be expressed as a function 
of body weight 

A = kwe 


where k, b and parameters. This function should be used and computed for each 
size class, rather than being a constant parameter. The area searched and 
distance traveled per day would then be functions of this value. 


There is no purpose served by the use of MAXLEANVT and it should be 
removed wherever it occurs. 


The problems involved in aggregating species of plants apply generally to 
animals. How do we decide which species to aggregate? Two species of birds 
may be very similar morphologically and yet occupy different habitats. Once 
again, modelling simple systems and using biological intuition seem to be the 
only options available. 


Other unsolved problems are of a spatial nature. Many spatial aspects of 
ecosystems are very hard to model. Some species may be limited by burrows or 
nesting sites. How can these be modelled? Many species cross in and out of 
any boundaries chosen by the modeller. Unless the area is extremely large, 
boundary crossing by birds, deer, etc. may be appreciable. How, then, do we 
model a deer herd during the part of the year when it leaves the area being 
modelled? 


Another spatial problem relates to migration. The model does not take 
into account barriers (such as rivers) between ERUs, or the fact that one ERU 
may actually be small patches occurring scattered among other habitat types, 
thus being very accessible. In addition, the habitat selection algorithm 
seems unsatisfactory. Two identical ERUs with different area will not end up 
with identical population densities. Amore behaviorally oriented algorithm, 
based on how animals make choices, would be attractive if it existed. 
However, to our knowledge, no such model has ever been developed. 


Simulation. Some of the current technical issues needing further work 
include transportability, efficiency, verification, and documentation. All of 
these would improve the model. 


Because there is no standard version of PASCAL, transportability of the 
model is limited. This tradeoff was felt to be worthwhile because of the need 
for data structuring capabilities found in PASCAL. In the future there will 
no doubt be a standard version of PASCAL and the model can be converted to 
it. 


Model efficiency could be improved by thorough examination of the code. 
Many efficiency changes have already been made. Further improvements depend 
to a large degree on the user environment: whether storage space or execution 
time is more limiting. Until experience on the BLM computer has been gained 
the nature of such tradeoffs must remain speculative. 
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Verification of model code has been done but due to cost constraints has 
not been up to rigid computer science standards. Amore thorough check of the 
code could be done. 


At the last minute an error became apparent in the code, so that there 
was no time to trace it and fix it. The problem is isolated in the EVENT 
procedures so that most of what the model does is unaffected as long as events 
are not executed. What happens is that when an event is executed to put 
cattle onto an ERU, using the input files which gave the results described in 
this report, rainfall! becomes zero. This suggests a data structure problem 
perhaps caused by incorrect creation and/or disposal of records. It is not 
clear if only procedure HERDDRIVE causes this error or if all event routines 
cause the problem. This problem needs tracing down if events are to be used. 


Another minor problem is that the flora analysis program (INTERP) fails 
to find data values for total cover, total live cover, and total green so that 
when it reformats the data zeros are printed. 


Further documentation of the model could be done. Much of this should be 
internal to the code: making variable names more se! f explanatory, aligning 
block structures better, adding conments, making variable type definitions in 
the data structure include information about units (grams, meters, etc.) and 
similar changes. 


6.4 Strategies of Mode | Usage 


Model output should be used with great caution. It is not super fluous 
to reemphasize that all models are simplified abstractions of reality. 


One strategy in making model experiments is as follows. A standard 
summary of simulation statistics is printed including the date of the simula-— 
tion, initial simulation time, terminal simulation time, and the time steps 
used by the different submodels. It also specifies the different ecological 
esponse units incorporated, the specific driving variable set used and a 
definition of the model version. A specific table is developed which lists 
the state variables and their initial conditions. Another table lists the 
flows and the parameter values used in each flow calculation. 


Outputs are summarized in several tabular and graphic ways. Standard 
tables are made for state variables, flows, intermediate variables, and output 
variables. These tables list each of the items by name and give their values 
at selected intervals. Simple descriptive statistics are calculated including 
the mean, standard deviation, sample size, and maximum and minimum values. 

The number of times each flow was greater than zero is also specified. 


_ Standard graphs are made of the state variables, flows, output variables, 
and driving variables. Each graph plots the item against time. The graphs 
are done in such a way that they are readily reducible for use in reports and 
publications. 


There should be a continued improvement of information regarding the 
Structure, parameterization, and outputs of the model. Revising such a model 
periodically should be a standard part of agency procedure, as it is in the 
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Forest Service with respect to timber management models. Furthermore, 
periodic sensitivity analyses, both qualitative and quantitative, should be 
made of the model to derive information regarding research needs. 


6.5 Some Specific Recommendations Regarding Model Development and Usage 


The development of a model such as SAGEGRASS is of little use if it is 
not used by the sponsoring agency, the BLM in this case. Minimum requirements 
for this to occur include training workshops, detailed training of one or more 
scientists responsible for troubleshooting during uses of the model at the 
district level, incorporation of the modelling approach into standard agency 
planning procedures, and periodic improvements of the model as knowledge 
increases. 


The SAGEGRASS model has significant potential for augmenting standard BLM 
planning procedures. The model may be used to generate many alternatives in 
the environmental impact evaluation process. This allows the comparison of 
multiple alternatives without excessive expense. More importantly, it allows 
the organization of information in a systematic way and projections are based 
on well documented biological assumptions. The limitations of the model do 
not allow evaluation of more species or of sites with a paucity of data, so 
the model cannot answer all impact questions. 


After the impact analysis, the model may be used for continuing 
on-the-ground planning of grazing plans and range improvement practices. 


Workshops should be held to acquaint managers and scientists in each 
district with what the model can do and how it works. It should be emphasized 
that such workshops will not be greeted with enthusiasm unless the managers 
see that the model fits into the planning process as defined in official 
agency guidelines and unless upper level officials support its use. 


The final requirement for successful use of the model is adequate 
technical support. Someone at the BLM needs to be familiar enough with the 
model and with computers to assist persons who wish to use it. Problems which 
are simple to someone familiar with the model may be completely insoluble to 
a novice. For example, confusing the order of input of data may give bizarre 
results without ever causing an overt error. It is estimated that someone 
could become familiar with the model in from one to three months, depending on 
their background. Such a training period should include reading this report, 
learning PASCAL briefly, reading the computer code, making practice runs, and 
creating intentional data errors to discover what happens. Once the program 
and data files are set up by someone with detailed knowledge, managers could 
use the model to test particular management schemes without too much 
difficulty. 
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Table 8.1. Parameter values for driving variables. 


SES 
SE 


Bee ne VALUE REFERENCE 
P(C,1) 1.00 BLM Boise District (1980) 
ElG.2) 0.00 BLM Boise District (1980) 
RC3) 1.00 BLM Boise District (1980) 
P(c,4) ~ 0.00070588 BLM Boise District (1980) 
P(C,5) 1.155 Capiel (1970) 

P(C,6) ~  =0.015 Capiel (1970) 

Ev Ce7) -0.086 Capiel (1970) 

P(C,8) 52795 _ Capiel (1970) 


SSS SS ER a SSE 


able orze 


STANDARD 
NOTATION 

= sands = 
Ply) 
P(1,2) 

Se othtoaid = 
Bute b) 
PCie2) 

= sandclay = 
PA) 
Pips) 

= ABA hes Bale 
Bate) 
mie) 

Same Wet yi Sila) tan 
Aes) 
Paley, 24) 

- Silt - 
P(1,1) 
Pve2) 

P(1 53) 
P(1,4) 
PCS) 
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Parameter values for soil temperature submodel. 


VALUE 


23 


0.180 


Ce yo 


25/6 
Oe 


2603 
0.210 


Zed 


0.180 


0.164 


85.0 
20.0 


1.664E-7 
596.0 


REFERENCE 


Arbitrarily assigned 


Arbitrarily assigned 


Van Wijk (1963) 
Van Wijk (1963) 


Van Wijk (1963) 
Van Wijk (1963) 


Arbitrarily assigned 


Arbitrarily assigned 


Arbitrarily assigned 


Arbitrarily assigned 


Van Wijk (1963) 

Van Wijk (1963) 
Arbitrarily assigned 
Van Wijk (1963) 
Larcher (1975) 

Van Wijk (1963) 

Van Wijk (1963) 

Van Wijk (1963) 


Van Wijk (1963) 
Masterton (1969) 





Table 8.2. (Continued) 


a 
SS LLL DEL EP ESE A PP I 


STANDARD 


NOTATION VALUE REFERENCE 
PCr 12) -0.56 Masterton (1969) 

ACCOR), 21330 ‘Masterton (1969) 

P(1,14) 1.0 Van Wijk (1963) 

P(1,15) 10 Van Wijk (1963) 

P(1,16) 0.46 Van Wijk (1963) 

Ptah, 17) 4.0 Arbitrarily assigned 


ES SS AS 
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Table 8.3. Parameter values for soil water submodel. 


etal a A Ee Cp te eS 
a Ra a aE A a 


Raa VALUE REFERENCE 
within ani eet sree it elem hi a he A a Re ce SD 
- Sand - 
PA 26h) 5.6E-4 Van Wijk (1963) 
P(2,2) shhse Cole (1976) 
Pi 2a) 25.0 Cole (1976) 
P(2,4) 15.0 Cole (1976) 
P(2,5) 10.0 Cole (1976) 
ao aS) dMeceel abel es 
Bot) 8. 3E-6 Van Wijk (1963) 
P(2,2) 2270 Cole (1976) 
B23) 12.0 Cole (1976) 
P(2,4) 12.0 Cole (1976) 
Bias) 7.0 Cole (1976) 
- Sandclay - 
P(2,1) 8. 3E-8 Van Wijk (1963) 
Pe) 36.0 Cole (1976) 
Bom 3) 29.0 Cole (1976) 
P(2,4) 18.0 Cole (1976) 
be i2e5) 12,0 Cole (1976) 
Cal ay = 
ptzet) 1.4—-9 — Van Wijk (1963) 
P(2..2) 36.0 Cole (1976) 
P (2:3) 32.0 Cole (1976) 
P(2,4) 18.0 Cole (1976) 
Bee 5) 13.0 Cole (1976) 
elas \ lita = 
Pla) 2. 8E-8 Van Wijk (1963) 
P(252) 36.0 Cole (1976) 
P(2,3) 25.0 Cole (1976) 
P(2,4) 18.0 Cole (1976) 
Bvno. 13.0 Cole (1976) 
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Table 8.3. (Continued) 


as Se EN unaware noeea red nme, 
Oa a a 


STANDARD 
NOTATION VALUE REFERENCE 


P21) 1.7E-8 Van Wijk (1963) 

P(2,2) 19.0 Cole (1976) 

P(2,3) 16.0 Cole (1976) 

P(2,4) 10.0 Cole (1976) 

P(2,5) 6.0 Cole (1976) 

- Trees - 

P(2,6) 11.0 Zinke (1967), USFS (1968) 
Bice?) 1.0 Zinke (1967), USFS (1968) 
- Shrubs - 

P(2,6) 6.2 Zinke (1967), USFS (1968) 
Play 7) 8.3 Zinke (1967), USFS (1968) 
SarOros: = 

Bx250) 8.9 Zinke (1967), USFS (1968) 
Pi2y/) 11.5 Zinke (1967), USFS (1968) 
- Grass - 

P(2,6) 3.2 Zinke (1967), USFS (1968) 
RtZ; 7) 7.4 Zinke (1967), USFS (1968) 
-Litter - 

P(2,6) 1.5 Zinke (1967), USFS (1968) 
Pi2y/) 2.5 _ _Zinke (1967), USFS (1968) 
Bilao) 355 Arbitrarily assigned 
R239) 0.108 Dougal (1971) 

P(2,10) 0.0 Dougal (1971) 

P(2611) 0.0 Arbitrarily assigned 
P(2,12) 3.0 Arbitrarily assigned 

Biz 3) 25.4 Dougal (1971) 

P(2,14) 25 Arbitrarily assigned 


a rrp terre pp eg ee Egg eg a 


154 


Table 8.4a. Parameter values for Juniperus osteosperma. 


a A Re tet a A co eel Re A Oo er Ye a See Ee et 


RRR Sara alee a naan ene MEMS 72 YOR ee ot Be ae ts SO RS 


Seen VALUE REFERENCE 
cnc. NA CME rece me Rite ek 2 8 6) BNR ad eS 
P(5,1) 100.0 Tueller et al. (1979) 
P52) 25.0 Tueller et al. (1979) 
B55, 3) 0.000274 See: text 
P(5,4) 21 IOeO Meeuwig et al. (1979) 
P(5,5) 0.25 Meeuwig et al. (1979) 
P(5,6) 0.07675* Model tuning 
Boa) - 30.0 First estimate 


ce oe el ee ee I ols ee ee ee ee ee ee 


*Equal to zero on input, computed internally. 
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Table 8.4b,. Parameter values for Pinus edulis. 











Se nnn 


Been VALUE REFERENCE 
P(5,2) 25.0 Tueller et al. (1979) 

P(5,3) 0.000274 See text 

P(5,4) 2150.0 Meeuwig et al. (1979) 

P(555) 0.25 Meeuwig et al. (1979) 

P(5,6) 0.07675* Model tuning 

DAS a7) -30.0 First estimate 





*Equal to zero on input, computed internally. 
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Table 8.4c. Parameter values for Agropyron sp. 


tt a A sa A 
i i ith iP fil a Pe PN 


STANDARD 
NOTATION VALUE REFERENCE 


tn a SP i SL I 


DUE 1.0 Model tuning 

P (3,2) 0.01 Model tuning 

Bges) 0.75 Model tuning 

P (3,4) 0.07675* Model tuning 

P(3, 5) 0.1 Model tuning 

PK )0) Oe. Model tuning 

Pasay) On0355 Barnes and Hole (1978), model tuning 

P3538) 120 Harris (1967), modified for site conditions 

P(3,9) 0.06 Redman (1974) 

B0341.0) -28.0 Rittenhouse based on Reece (1974) 

Bi satay 1500 Model tuning 

P (3,12) 0.25 Buwai and Trlica (1977), Mcllvanie (1942) 
and model tuning 

PAS, 13) On 2 Model tuning 

P(3, 14) 3.0 Cole (1976) 

B35 15) 45.0 Cole (1976) 

P.(3, 16) 26.0 Cole (1976) 

Bisel) 0.001 Model tuning 

PU AED] Ons Marshall (1977) 

P (3,19) =25.0 Trlica (personal communication), model tuning 

P (3,20) 0.00013 Model tuning 

PS y 0.00333 McCree and Troughton (1966) (see text) 

P(3,22) 0.755 DePuit and Caldwell (1975) 

P(3y23) 0.01 Model tuning 

P (3,24) =30,.0 Cole (1976) 

PA3925) Gia7 Model tuning 

P(3,26) 0.0 Model tuning 

P3227) 8.0 Model tuning 
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Table 8.4c. (continued) 


av sag Sn Gane agp renadlP ap pveennediap cnseemosneeteieemeendinnemmeeemepemens saree ee 
AlN Le TE A Al LS Recta St ndiensiinads=endgnesauentvdetanoae-weasusvane-ovenanmaeaneaeckonennnaneneenarns 


STANDARD 
NOTATION VALUE REFERENCE 


a ea a a re 
-Winter- 


P (3,28) 0.078 Perez-Trejo et al. (1979) 
=spring- 

P (3,28) 0.13585 Perez-Trejo et al. (1979) 
-Summe r- 

P(3,28) 0.078 Perez-Trejo et al. (1979) 
-Autumn- 

P (3,28) 0.11378 Perez-Trejo et al. (1979) 
-Winter- 

P (3,29) 0.0432 McGill et al. (In press) 
=Spring- 

P(3,29) 0.0432 McGill et al. (In press) 
~Summe r- 

P (3,29) 0.0432 McGill et al. (In press) 
-Autumn- 

P (3,29) 0.0432 McGill et al. (In press) 


LC CT I LI SLES Cl CET PP ee te ae 


*Equal to zero on input, computed internally. 
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Table 8.4d. Parameter values for Bromus tectorum. 


i A a NT OS LF a DY EE Ee 
rt ne ee tc RP IO a RO A eR RL EF 


STANDARD 





NOTATION VALUE REFERENCE 
Pili 7.0 Model tuning 
P (3,2) 0.01 Model tuning 
P(3, 3) 0.75 Model tuning 
P(3,4) 0.09210* Model tuning 
pai) 0.1 Model tuning 
Pisa) | 0.1 Model tuning 
Ps, 7) 0.0355 Barnes and Hole (1978), model tuning 
P (3,8) 1.2 Harris (1967) 
P39) 0.08 Higher than Agropyron 
P (3510) 2500 Less than Agropyron 
P (3,11) 1.5 Model tuning 
Pi(3e 12) 0.25 Model tuning 
Pils 1 3) Ort?2 Same as Agropyron 
P(3,14) 0.0 Cole (1976) 
Bige5) 40.0 Cole (1976) 
P(3, 16) 20.0 Cole (1976) 
P(3317) 0.001 Model tuning 
P (3,18) 0.5 Marshall (1977) 
P3519) -25.0 Trlica (personal communication), model tuning 
P (3,20) 0.00013 Model tuning 
P (3,21) 0.00333 McCree and Troughton (1966) (see text) 
P(3,22) 05.755 DePuit and Caldwell (1975) 
Pgs 23) 0.012 Model tuning 
P(3,24) 25,0 Cole (1976) 
P(3,25) 0.000233 Same as Agropyron 
P3526) = 150 Model tuning 
Pe3i¢2 7.) 8.0 Model tuning 
P (3,28) (See Agropyron) Same as Agropyron 
P (3,29) (See Agropyron) Same as Agropyron 





*Equal to zero on input, computed internally. 
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Table 8.4e. Parameter values for Artemesia tridentata; 


SSS ea SE aR EE a ag pS SEO eh ove ee een a a Ee aR 
a Et re nents wes fsenssosenssasamstoacsioeeuaop-aasovcineabeesnveanwannenamnaranenn, 


Baar ian VALUE REFERENCE 
P(352) 0.01 Model tuning 
Bers) 0.75 Model tuning 
P (3,4) 0.05756* Model tuning 
EAo3o) Out Model tuning 
CHD) 0.1 Model tuning 
P(3,7) 0.0355 Barnes and Hole (1978), model tuning 
P(3,8) 1.8 Sturges (1977) 
Pulsed, 0.045 DePuit and Caldwell (1973) 
P (3,10) -60.0 Rittenhouse based on Reece (1974) 
Btss tt) 1.5 Model tuning 
BA s<12) 0.10 Model tuning 
P(3,13) 0.08 Dina and Klikoff (1973) 
Po ie) 8.0 Cole (1976) 
e315) 45.0 Cole (1976) 
isvalsy) 35.0 Cole (1976) 
P(3,17) N.A. --- 
P(3,18) 0.5 Marshall (1977) 
P (3,19) -30.0 Trlica (personal communication), model tuning 
P (3,20) 0.0001 Model tuning 
P(3,21) 0.00333 McCree and Troughton (1966) (see text) 
P (3,22) 0.943 DePuit and Caldwell (1975) 
P (3,23) N.A. --- 
P (3,24) -30.0 Cole (1976) 
P(3,25) 0.000233 DePuit and Caldwell (1975) 
P (3,26) -20.0 Model tuning 
Deena 2licd Model tuning 
-Winter- 
P (3,28) 0.06422 McGill et al. (In press), Nagy (1978) 


a aa i 
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Table 8.4e. (continued) 








a VALUE REFERENCE 

-Spring- 

P (3,28) 0.06422 McGill et al. (In press), Nagy (1978) 
-Summe r- 

P (3,28) 0.06422 McGill et al. (In press), Nagy (1978) 
-Autiumn- 

P (3,28) 0.06422 McGill et al. (In press), Nagy (1978) 
-Winter- 

P (3,29) 0.00432 McGill et al. (In press), Nagy (1978) 
-Spring- 

P (3,29) 0.00432 McGill et al. (In press), Nagy (1978) 
-Summe r- 

P (3,29) 0.00432 McGill et al. (In press), Nagy (1978) 
-Autumn- 

P (3,29) 0.00432 McGill et al. (In press), Nagy (1978) 
P(4,1) 0 Not used 

P (4,2) 0.002 Arbitrary 

P (4,3) -0.024 McCree and Troughton (1966) 

P(4,4) 0.5 By definition 

P(4,5) 300.0 Based on general phenology 

P (4,6) 0.0005 Model tuning 

P(4,7) 1.0 Arbitrary 

-Winter- 

P (4,28) 0.003672 McGill et al. (In press), Nagy (1978) 
-Spring- 

P (4,28) 0.003672 McGill et al. (In press), Nagy (1978) 
-Summe r- 

P (4,28) 0.003672 McGill et al. (In press), Nagy (1978) 
-Autumn- 

P (4,28) 0.003672 McGill et al. (In press), Nagy (1978) 


LT TE SL TCL OO AL CCE LAA EIT I Ce CO TT TN te A i i er neces ener arseeme 
*Equal to zero on input, computed internally. 
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Table 8.4f. Parameter values for forbs. 


2 tea arsenate a ee ay 9 eee ee Sane aN ene 
STANDARD 


NOTATION VALUE REFERENCE 
sa rel, 1.0 Model tuning 
Ril3 52) 0.01 Model tuning 
P(353) O57 Model tuning 
P (3,4) 0.06579 Model tuning 
P(3e5) oe Model tuning 
P (3,6) 0.1 Model tuning 
P(3,7) 0.0355 Barnes and Hole (1978), model tuning 
Boo) Lee Same value as Agropyron 
P(349) 0.04 Same value as Agropyron 
P (3,10) -28.0 More than Agropyron 
P (3,11) 125 Model tuning 
P3512) 0225 Model tuning 
P3313) Oe12 Same as Agropyron 
P(3,14) 0.0 Cole (1976) 
ise) 40.0 Cole (1976) 
P(3,16) 20.0 Cole (1976) 
Bayly) 0.001 Model tuning 
P (3,18) 0.5 Marshall (1977) 
P{3,19) -28.0 Trlica (personal communication), model tuning 
P (3,20) 0.00013 Model tuning 
P (3,21) 0.00333 McCree and Troughton (1966) (see text) 
P(3,22) 0.755 DePuit and Caldwell (1975) 
i 3e23) 0.012 Model tuning 
P (3,24) -30.0 Cole (1976), Blaisdell (1958) (estimate) 
P (3,25) 0.000233 Same as Agropyron 
P (3,26) =1070 Model tuning 
P(3427) 8.0 Model tuning 
P (3,28) (See Agroypron) Same as Agropyron 
P(3,29) (See Agropyron) Same as Agropyron 


I LE TT SL EG ET SEED I TD IO INT ATT ET DE IS EE SLT A EC LE A A A A I ER EER 


*Equal to zero on input, computed internally. 
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Table 8.5. Parameter values for litter. 


ir ne 
art oo a omen emianins ee es hn a ee 


STANDARD 

NOTATION VALUE REFERENCE 
ee ee ie Coe 
P(6,1) ~30.0 Cole (1976) 

P(6,2) 0.0417 Model tuning 

P (6,3) 0.0007 Model tuning 


ree eee Anion peg ee ee ee ee 
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Table 8.6a. Parameter values for fauna biomass submodel. 


a Ec epee ee EYES | RAAT 
EL EDF) < SF SEAT A ORI M5 NT 2 ETS 
STANDARD 


eon VALUE REFERENCE 
P(8,1) (ieee Wunder (1975) 
PAG?) 3.8 Wunder (1975) 
P(8,3) -0.25 Wunder (1975) 
P(8, 4) 4.91 Wunder (1975) 
P(8,5) -0.505 Wunder (1975) 
P(8,6) 4.0 Wunder (1975) 
P(8,7) 0.25 Wunder (1975) 
P(8,8) 8.46 Wunder (1975) 
P(8,9) -0.4 Wunder (1975) 
P(8, 16) 38.0 Wunder (1975) 
-Aves - 
P(8,1) 
P(8,2) 
P(8,3) 
P(8,4) 4.95 Herreid (1967) 
P(8,5) -0.536 Herreid (1967) 
P(8,6) 8.59 McNab (1970) 
PCS 57) Oat McNab (1970) 
P(8,8) 
P(8,9) 
P(8,16) 2.0 McNab (1970) 
= Reptilia - 
Buoy) 
P(B,2) 
P(8,3) 
P(8,4) 22.59 Herreid (1967) 

AGH, -0. 370 Herreid (1967) 
P(8,6) 

P(8,7) 

P(S,8) 

P(8,9) 

P(8, 
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Table 8,6a, (Continued) 


a a 
LT EE OL AE CAEL CL AI Cea tl Cae aC ean ipieratacsiaeinctenpeaiasinanigaanayaciguaceciatssncienragsreaseiapeattseaniemnanaeiaeee 
STANDARD » 

NOTATION VALUE REFERENCE 


ar ire rp oa Rn ep Pe er es SL Se 
- Amphibia - 


P(8,1) 
P(8,2) 
ACs) 
P(8,4) 
P(8,5) 
P(8,6) 
PlCr 7) 
P(8,8) 
P(8,9) 
P(8,16) 
= Pices! = 
PS sli) 
P(8,2) 
P(8, 3) 
P(8,4) 
P(Se5) 
P(8,6) 
P(8,7) 
P(8,8) 
(8,9) 
P(8, 16) 
- Crustacea - 
P(8,1) 
P(8,2) 
P(8,3) 
P(8, 4) 
P(8,5) 
P(8,6) 
Ca) 
(8,8) 
(8,9) 
( 


p 
Pp 
P 
P(8, 16) 
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Table 8.6a.- (Continued) 


eR I RE TET SY 





STANDARD 
NOTATION 


na SR RR A AED 


VALUE REFERENCE 


- Insecta - 


8 a 


P(8, 10) N/A Refers to parameters not yet implemented in 
the mode] 


P(8,11) N/A Refers to parameters not yet implemented in 
the model 


P(8,12) 0.01 Arbitrarily assigned 
P(8,13) 0.40 Arbitrarily assigned 
P(8,14) 0.80 Arbitrarily assigned 
Pte, 15) 0.30 Nagy, et al. (1974) 


SSS — aan aenamnsenn memieeneeeemnennnnneeneteneininesenementnnenntatmeninen enna eae 
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Parameter values for mule deer diet. 


Table 8.6b. 

oe vate 
- Female - 

Poet) 70000.0 
= Male = 

PEGs 17) 17000.0 
Agropy ron 

P(8, 18) 4000.0 
BXay19) 0.39 
- Winter = 

P (8,20) 0.14 
= spriag.= 

P(8,20) 0.44 
= Ssummer = 

P(8,20) 0.02 
- Autumn - 

P(8,20) 0.09 
Artemisia tridentata 
P(8,18) 2500.0 
P(8,19) 0.20 
eM ce tae 

Pice20) 0.66 
SOF hg en 

P(8,20) 0.48 
ae GINTTIGS Fat 

P(8,20) 0.42 
- Autumn - 

P(8,20) 0.60 
P (8,18) 4000.0 
P (8,19) 0.39 


REFERENCE 


Anderson (1974) 


Anderson (1974) 


Golley (1961) 
Golley (1961) 


BLM (1980) 


BLM (1980) 


BLM (1980) 


BLM (1980) 


Golley (1961) 
Golley (1961) 


BLM (1980) 


BLM (1980) 


BLM (1980) 


BLM (1980) 


Golley (1961) 


Golley (1961) 
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Table 8.6b. (Continued) 


peewee 
pn epee eines 


STANDARD 


NOTERION VALUE REFERENCE 
P(8,20) 0.20 BLM (1980) 

= Solel i aye es 

P(8,20) 0.08 BLM (1980) 

- Summer - 

P(8,20) 0.56 BLM (1980) 

- Autumn- 

P(8,20) 0.31 BLM (1980) 


SS 


Table 8.6c., 


i 
er 


rr SS TT 


cc ee 
- Female - 

P(8,17) 1878.0 
= Male = 

P(8,17) 2342.0 
Agropy ron 

P(8,18) 4000.0 
P(8,19) 0.49 
- Winter - 

P(8,20) 0:2 
= Sieg ise = 

P(8,20) 0.6 
“Ss umnet = 

P(8,20) 0.8 
= AUC Umit 9= 

P(8,20) 0.6 
Artemisia tridentata 
P(8,18) 2500.0 
P(8,19) 0.25 
= Winter = 

P(8,20) 0.8 
“SSO Ge = 

P(8,20) 0.2 
= oumme i = 

P(8,20) 0.1 
- Autumn - 

P(8,20) 0.4 
P(8,18) 1000.0 
P(8,19) 0.49 
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Parameter values for jackrabbit diet. 


REFERENCE 


Stoddart (personal communi cation) 


Stoddart (personal communi cation) 


Golley (1961) 
Golley (1961) 


Hamilton 


Hamilton 


Hamilton 


Hamilton 


(1939), 


(1939), 


1939} 


(1939), 


Golley (1961) 
Golley (1961) 


Hamilton 


Hamilton 


Hamilton 


Hami ]ton 


(1939), 


(1939), 


(1939.), 


(1939), 


Golley (1961) 
Golley (1961) 


based 


based 


based 


based 


based 


based 


based 


based 


on 


on 


on 


on 


on 


on 


on 


on 


cottontai | 


cottontaii | 


cottontai | 


cottontaii | 


cottontai | 


cottontai | 


cottonta! | 


cottontai | 
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Table 8,6c. (Continued) 


GMA EMER REE Pe picts | Ts ei cae eR me ee ee Pree A ADA IAL DTA ALATA IATN 
Pr reece 
STANDARD 

NOTATION VALUE REFERENCE 


SF SS OTN 


- Winter - 


P(8,20) 0.0 Hamilton (1939), based on cottontai| 
=Spning = 
P(8,20) O42 Hamilton (1939), based on cottontai 1 
Sesummer = 
P(8,20) ae Hamilton (1939), based on cottontai] 
- Autumn - 
P(8,20) 0.0 Hamilton (1939), based on cottontai| 


SS ESD 
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Table 8.6d. Parameter values for small mammal diet. 


a SS TL 


STANDARD 


NOTATION VALUE REFERENCE 
- Female - 

P(8,17) 70 Gordon (1943) 

- Male - 

P(8,17) ie, Gordon (1943) 

Litter 

P(8, 18) 5214.0 Golley (1961), average of seeds and insects 
P(8,19) 0.75 Hansen (CSU) 

="Winter = 

P(8,20) 1.0 Johnson (1961), see text 

ob SNE Wave ee 

P(8,20) TBO Johnson (1961), see text 

— summer = 

P(8,20) 1.0 Johnson (1961), see text 

- Autumn - 


P (8,20) 1.0 Johnson (1961), see text 


2 aan eieeeeeeinieamen teenie annie 


Table 8,6e, Parameter values for coyote diet. 


rn er on enne renner e 
a epee 


mia VALUE REFERENCE 
~ Female - | 
P(8,17) 22000.0 Van Wormer (1964) 
SeNatves* 

P(8,17) 2 3000.0 Van Wormer (1964) 
Smal] mammal 

P(8,18) 5050.0 . Golley (1961) 
P(8, 19) 0.65 Golley (1961) 

- Winter - 

P(8,20) 0.5 Van Wormer (1964) 
= Topring = 

P(8,20) 0.5 Van Wormer (1964) 
- Summer - 

P(8,20) 0.5 Van Wormer (1964) 
- Autumn - 

P(8,20) 0.4 Van Wormer (1964) 
Cottontai |] 

P(8,18) 5000.0 Golley (1961) 
P(8,19) 0.59 Golley (1961) 

- Winter - 

P(8,20) 0.8 Van Wormer (196!) 
Se opr ig 

P(8,20) 0.4 Van Wormer (1964) 
- Summer - 

P(8,20) 0.5 Van Wormer (1964) 
- Autumn - 

P(8,20) 0.5 Van Wormer (1964) 
Mule Deer 

P(8,18) 5000.0 Golley (1961) 


P(8,19) 0.50 — Golley (1961) 


Wes 


Table 8.6e. (Continued) 


ne 


ee ae VALUE REFERENCE 
eh ee en ot esa ty magi tw edge nant erty 2s ieee Ail eens cap Rei peat 219297) ee 

= Whiter = 

P(8,20) 0.15 Van Wormer (1964) 

- SoC ri ngs= 

P(8,20) O51 Van Wormer (1964) 

SSoUmMe fa 

P(8,20) 0.0 Van Wormer (1964) 

- Autumn - 

P (8,20) 0.1 Van Wormer (1964) 


RS SP PY SSS SS SA ED RS SS PS CE LE I BP ET I I IEE FA 
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Table 8.6f.. Parameter values for cow diet. 


— eee SSeS 
—_——— eee 


REFERENCE 


a pes 


BANOBN ym 
- Female - 

P8517). 380000.0 
= Male. = 

P(8,17) 460000.0 
Agropy ron 

P(8, 18) 4000.0-- 
P( 8549) 0.43 
= Winter 

P(8,20) 0,86 
Seopring = 

P(8,20) 0.9 
- Summer - 

P (8,20) es 
- Autumn - 

P(8,20) 0.86 
Artemisia tridentata 
P(8,18) 2500.0 
P(8,19) O7408; 
saninter - 

BOy20) 0.14 
=.Spring =< 

P(8,20) OU y 
= Summer - 

P(8,20) 0.07 
- Autumn - 

P (8,20) 0.14 
P(8,18) 4000.0 


P(8,19) 0.43 


BLM (1980) 
BLM (1980) 


Golley (1961) 
Golley (1961) 


BLM (1980) 
BLM (1980) 
BLM (1980) 
BLM (1980) 


Golley (1961) 
Golley (1961) 


BLM (1980) 
BLM (1980) 
BLM (1980) 
BLM (1980) 


Golley (1961) 
Golley (1961) 
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Table 8.6f. (continued) 


A 


ec I 


STANDARD 


NOTATION VALUE REFERENCE 
cha AC A aes ee Ree air EMO cok AN ee iN re! ins eet ee AE emi ih ean ag 

- Winter - 

Pics 20) 0.0 BLM (1980) 

> Spring - 

P(8,20) 0.03 BLM (1980) 

= Sumner = 

P(8,20) 0.03 BLM (1980) 

- Autumn - 


P(8,20) 0.0 BLM (1980) 


eS Sn SSS SSE SSS CS I SE SR EP I TE EE TS 


(ee 


Table 8.69, Parameter values for bighorn diet. 


STANDARD 


NOTATION VALUE REFERENCE 


- Female - 


P(8,17) 287000.0 BLM (1980) 

- Male - 

P(8,17) 419400.0 BLM (1980) 
Agropyron 

P(8,18) 4000.0 Golley (1961) 
P(8,19) 0.39 Golley (1961), same as mule deer 
- Winter - 

P(8,20) 0523 BLM (1980) 

- Spring - 

P(8,20) 0.94 BLM (1980) 

- Summer - 

P(8,20) 0.89 BLM (1980) 

- Autumn - 

P(8,20) 0.84 BLM (1980) 
Artemisia tridentata 

P(8, 18) 2500.0 Golley (1961) 
P(8,19) 0.20 Golley (1961), same as mule deer 
- Winter - 

P(8,20) 0.76 BLM (1980) 
Srspring = | 

P(8,20) 0703 BLM (1980) 

- Summer - 

P(8,20) 0.05 BLM (1980) 

- Autumn - 

P(8,20) 0.07 BLM (1980) 
P(8, 18) 4000.0 Golley (1961) 


P(8,19) 0.39 Golley (1961), same as mule deer 


1/0 


Table 8.69. (Continued) 


STANDARD 


NOTATION VALUE | REFERENCE 





= Winter - 
P (8,20) 0.01 BLM (1980) 
~eSpritig — 
P(8,20) 0.03 BLM (1980) 
=—summer = 
P(8,20) 0.06 BLM (1980) 
- Autumn - 
P(8,20) 0309 BLM (1980) 





Tab les0.74. 


LW 


Parameter values for mule deer population. 


oo pe epee epee eae ge a nt laa et ea ny ee 
iis ro ee 


STANDARD 
NOTATION 


P(9,1) 
Pi9 2) 
Bio 23) 
P(9,4) 

- Juvenile - 

P(g ,5) 

P(9,14) 

- Winter - 

P(9 ,6) 

= opring = 

B(9,6) 

- Summer - 

Bt9 46) 

- Autumn - 

P(9 ,6) 

- Immature - 

Bio, 5) 

P(9,14) 

- Winter - 

P(9 6) 

Seoo sing) = 

Big,6) 

- Summer - 

P(9,6) 

- Autumn - 


VALUE REFERENCE 
2), i) 3 SC a near VO ee 
145.0 Rue (1978) 
175.0 Rue (1978) 
150 BLM (1980), maximum possible 
17 BEM (1980) 
365.0 Arbitrarily assigned 
0.50 Robinette (1955) 
0.0025 Robinette (1955) 
0.0020 Robinette (1955) 
0.0005 Robinette (1955) 
0.0015 Robinette (1955) 
1100.0 Arbitrarily assigned 
0.35 Robinette (1955) 
0.0015 Robinette (1955) 
0.0010 Robinette (1955) 
0.0005 Robinette (1955) 
0.0005 Robinette (1955) 


P(9,6) 


1/5 


Table 8.7a. (Continued) 


ge SS Se 
rp ec 


STANDARD 


NOTATION VALUE REFERENCE 
MEE ee aR RS Se oS a LEB eo 

eee CU ea 

Pios.0) 2900.0 Robinette (1955) 

P(9,14) Ge 15 Robinette (1955) 

=aWenter = 

P(9,6) 0.0020 Robinette (1955) 

= “ever sum ays! aed 

P(9 ,6) 0.0020 Robinette (1955) 

Seo Uinmner i 

P(9,6) 0.0005 Robinette (1955) 

- Autumn - 

P(9,6) 0.0010 Robinette (1955) 

Bo) PAG Arbitrarily assigned 

P(9,8) BOO Arbitrarily assigned 

P(9,9) 0.4 BLM (1980), adjusted 

P(9,10) O35 BLM (1980), adjusted 

P(9,11) 0.45 BLM (1980), adjusted 

P(9,12) 0.5 BLM (1980), adjusted 

P({9;, 13) 1.0 BLM (1980), adjusted 

P(9,15) 400.0 Arbitrarily assianed 

P(9,16) 0.0 Arbitrarily assigned 
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Table 8.7b. Parameter values for jackrabbit population. 


nee ea mee 
a anne eee een ae anaes meme me ane ae nen 


ye tails VALUE REFERENCE 
P(9,1) 60.0 BLM (1980) 

P(9,2) 270.0 Morris (1965), BLM (1980) 

P(9,;3) eye Morris (1965), based on cottontail 
P(9,4) 6.0 Morris (1965), based on cottontai] 
- Juvenile - 

P(9,5) 120.0 Hamilton (1939), based on cottontail 
P(9,14) 0.45 Arbitrarily assigned 

- Winter - 

P(9,6) 0.0025 Arbitrarily assigned 

Sop rite > 

P(9,6) 0.0025 Arbitrarily assigned 

= summer — 

P(9 ,6) 0.0005 Arbitrarily assigned 

- Autumn - . 

P(9,6) 0.0005 Arbitrarily assigned 

- Immature - . 

P(9,5) 300.0 Hamilton (1939), based on cottontai] 
P(9,14) 0. 30 Arbitrarily assigned 

= Winter - 

P(9,6) 0.0020 Arbitrarily assigned 

Seoprt hg. 

P(9 ,6) 0.0020 Arbitrarily assigned 

Seo Ummer = 

P(9,6) 0.0005 Arbitrarily assigned 

- Autumn - 


P(9,6) 0.0005 Arbitrarily assigned 
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Table 8.7b. (Continued) 


ry Sn A 
A 


STANDARD 


NOTATION VALUE REFERENCE 
- Matures 

Pi955) 1460.0 Hamilton (1939), based on cottontail 
P(9,14) 0.25 Arbitrarily assigned 
- Winter - 

P(9 ,6) 0.0015 Arbitrarily assigned 
SeoRring: > 

P(9 ,6) 0.0015 Arbitrarily assigned 
Ss oummer = 

P(9 ,6) 0.0005 Arbitrarily assigned 
- Autumn - 

P(9,6) 0.0005 Arbitrarily assigned 
pioat O55 Arbitrarily assigned 
Pildeo) 50.0 Arbitrarily assigned. 
P(9,9) 0.4 BLM (1980), adjusted 
P(9,10) 0.25 BLM (1980), adjusted 
P(9,11) 0,45 BLM (1980), adjusted 
PSE 0.5 BLM (1980), adjusted 
P(9,13) 1.0 BLM (1980), adjusted 
P(9,15) 400.0 Arbitrarily assigned 
P(9,16) 0.0 Arbitrarily assigned 


181 


Table 8.7c. Parameter values for small mammal population. 


pe peepee 
he ner naiensonrneennepeepcnenos 


yen VALUE REFERENCE 
P(9,1) 120.0 Gordon (1943) 

P(9 2) 250.0 Gordon (1943) 

P(9,3) RAY, Gordon (1943) 

P(9,4) 6.0 Gordon (1943) 

- Juvenile ~- This cohort not simulated 
P(9,5) N/A 

P(9,14) N/A 

- Winter - 

P(9 ,6) N/A 

Seopring — 

P(9,6) N/A 

= Summer - 

Py) N/A 

- Autumn - 

P(9,6) 7 N/A 

- Immature - 

P(9,5) 290.0 Arbitrarily assigned 
P(9,14) 0.60 Arbitrarily assigned 
- Winter - 

P(9 ,6) 0.0030 Arbitrarily assigned 
-eoperigu- . 

P(9,6) 0.0010 Arbitrarily assigned 
- Summer - 

P(9,6) 0.0010 Arbitrarily assigned 
“= Ant UMA 


P(9 ,6) 0.0010 Arbitrarily assigned 
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Table 8.7c. (Continued) 


a 
rn 


ese VALUE REFERENCE 
fk ht ly ite rf POTD SA i ph ly tong SS ois =A Oe ee 

= Matorels 

P(9,5) 1100.0 Arbitrarily assigned 
P(9,14) 0.40 Arbitrarily assigned 
[OWI itele > 

P(9 ,6) 0.0020 Arbitrarily assigned 
= Spr tid = 

P(9,6) 0.0005 Arbitrarily assigned 
= soumme i = 

P (9,6) 0.0010 Arbitrarily assigned 
- Autumn - 

P(9,6) 0.0010 Arbitrarily assigned 
P(9,7) 0.3 Arbitrarily assigned 
P(9,8) 50.0 Arbitrarily assigned 
P(9,9) 0.25 BLM (1980), adjusted 
P(9,10) Gal BLM (1980), adjusted 
P(9,11) 0.35 BLM (1980), adjusted 
P(9,12) 0.5 BLM (1980), adjusted 
P(9,13) 1.0 BLM (1980), adjusted 
P(9,15) 340.0 Arbitrarily assigned 
P(9,16) 100.0 Arbitrarily assigned 
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Table 8,7d. 


STANDARD 


Parameter values for coyote population. 


NOTATION VALUE REFERENCE 
et 120.0 Van Wormer (1964) 
P(9.,2) 180.0 Van Wormer (1964) 
P(9,3) eu Van Wormer (1964) 
P(9,4) 10.0 Van Wormer (1964) 

- Juvenile - This cohort not simulated 
Big) N/A 

P(9,14) N/A 

Sewtniter = 

Rig 55) N/A 

Seopring = 

P(9,6) N/A 

- Summer - 

P(9,6) N/A 

- Autumn - 

Boe) N/A 

~aaimmature. 

P(g 75) 270.0 Arbitrarily assigned 
P(9,14) OPS Arbitrarily assigned 
=awiriter = 

P(9,6) 0.0015 Arbitrarily assigned 
peophing — 

P(9,6) 0.0010 Arbitrarily assigned 
- Summer - 

P(9,6) 0.0005 Arbitrarily assigned 
- Autumn - 

F956) 0.0010 Arbitrarily assigned 
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Table 8.7d. (Continued) 


Sr Yep SP 
LL Pe re cep enrepnoenerntre 


even VALUE REFERENCE 
- Mature’ - 

PUI Ss, 1500.0 Arbitrarily assigned 
P(9, 14) 0305 Arbitrarily assigned 
- Winter - 

P(9,6) 0.0010 Arbitrarily assigned 
Seated a= 

P(9,6) 0.0020 Arbitrarily assigned 
-*Summer = 

Ah Ae) 0.0005 Arbitrarily assigned 
- Autumn - 

BGs) 0.0005 Arbitrarily assigned 
PASH) 10.0 Arbitrarily assigned 
P(9,8) 50.0 Arbitrarily assigned 
PA999) O72 Arbitrarily assigned 
P(9,10) 023 Arbitrarily assigned 
PCS 5la)) 0.3 Arbitrarily assigned 
P(9,12) 0.5 Arbitrarily assigned 
P08 313) 120 Arbitrarily assigned 
P(9,15) 400.0 Arbitrarily assigned 
P(9,16) 0.0 Arbitrarily assigned 


SS Pe npr non 


Table 8./7e. 
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Parameter values for cow population. 
parameters based on mule deer. 


Except, BLM data, 


EEE eas 
a a ae 


STANDARD 
NOTATION 


VALUE 


REFERENCE 


ee ee ____ an_ 2 naan enna eee ae 


BS), 1) 
P(9,2) 
PS, 3) 
P(9,4) 


\O 


- Juvenile - 


B(3),.5) 
P(9,14) 
- Winter 
P(9),6) 
- Spring 
P(9,6) 
- Summer 
B(9),6) 
- Autumn 


P(9,6) 


- Immature 


BCS), 5) 
P(9,14) 
- Winter 
P(9,6) 
= Spring 
P(9,6) 
- Summer 
B(9,6) 
- Autumn 


P(9,6) 


100.0 
160.0 
1,0 
240 


400.0 
0.7 


0.0005 


0.0005 


0.0005 


0.0005 


1000.0 
OR 


0.0005 


0.0005 


0.0005 


0.0005 


BLM (1980) 
BLM (1980) 


Maximum possible 


Robinette (1955), maximum possible 


Arbitrarily assigned 


Robinette 


Robinette 


Robinette 


Robinette 


Robinette 


(1955) 


(1955) 


(1955) 


(1955) 


(1955) 


Arbitrarily assigned 


Robinette 


Robinette 


Robinette 


Robinette 


Robinette 


(1955) 


(1955) 


(1955) 


(1955) 


(1955) 
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Table 8.7e. (Continued) 


SSaninAaI ASE ARSEURURnaaneeapeesincimmnamenemearon-commnermemmeinsesameaeearaeeeree aa nT ene 
a te re Serenata ee ee 


STANDARD 


NOTATION VALUE REFERENCE 

= Mat tre ‘= 

P(9,5) ~ 3600.0 Robinette (1955) 

P(9,14) 0.1 Robinette (1955) 

- Winter - 

P(9,6) 0.0005 Robinette (1955) 

- Spring - 

P(9,6) 0.00605 Robinette (1955) 

- Summer - 

P(9,6) 0.0005 Robinette (1955) 

=, Autumn, = 

P(9,6) 0.0005 Robinette (1955) 

P(9,7) 1.0 BLM (1980), adjusted 

P(9,8) 50.0 Arbitrarily assigned 

P4959) 0.4 BLM (1980) 

PC95u1 0) 0.25 BLM (1980) 

P(9,11) OS 2 BLM (1980) 

Ei Jeal2) 0.5 BLM (1980) 

P9513) ae BLM (1980) 

P(9,15) 400.0 By definition of no hibernation — . 

PLO 516) 0.0 By defimition of no hibernation 
tar tt ae eee ee ee 
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Table 8.7f. Parameter values for bighorn population. Except for BLM data, 
parameters based on mule deer. 


A EE RF EE SS A I RE RR RSTO 





STANDARD 


NOTATION VALUE REFERENCE 

P(9,1) 120.0 BLM (1980) 

P(9,2) 166.0 BLM (1980) 

P(9,3) 1.0: Robinette (1955) 

P(9,4) 1.5 Robinette (1955) 

- Juvenile - 

P(9,5) | 365.0 Arbitrarily assigned 

P(9, 14) 0.50 Robinette (1955) 

- Winter - 

P(9 6) 0.0025 Robinette (1955) 

ih eM Male fe 

P(9,6) 0.0020 Robinette (1955) 

- Summer - 

P(9,6) 0.0005 Robinette (1955) 

- Autumn - 

P(9 ,6) 0.0015 Robinette (1955) 

- Immature - 

P(9).5) 1100.0 Arbitrarily assigned 

P(9,14) 0.35 Robinette (1955) 

- Winter ~ 

-P(9,6) 0.0015 Robinette (1955) 
eyes ate ie 

P(9,6) 0.0010 Robinette (1955) 

= Simmer - 

P(9,6) 0.0005 Robinette (1955) 

- Autumn - 


P(9,6) 0.0005 Robinette (1955) 
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Tab leada7 i (Continued) 


sp 
LC a A A NS 


Aaa VALUE REFERENCE 
- Mature - 

Pheu) 2900.0 Robinette (1955) 
P(9,14) 0.15 Robinette (1955) 

- Winter - 

P(9,6) 0.0020 Robinette (1955) 

Sie eRe AR Se . 

P(9,6) 0.0020 Robinette (1955) 

- Summer - 

P(9,6) 0.0005 Robinette (1955) 

- Autumn - 

P(9 ,6) 0.0010 Robinette (1955) 
P(9,7) 1,0 Arbitrarily assigned 
P(9,8) 50.0 Arbitrarily assigned 
P(929) 0.4 BLM (1980), adjusted 
P(9, 10) 0.3 BLM (1980), adjusted 
Bio e)) 0.15 BLM (1980), adjusted 
P(9,12) O25 BLM (1980), adjusted 
Pontes) 1.0 BLM (1980), adjusted 
Shy, 400.0 Arbitrarily assianed Ave 
P(9, 16) O70 Arbitrarily assigned 


189 


Table 8.8 Soil descriptions for pastures in Garat. 








Pasture 1 


Soil - Dacker SiL fine-loamy, mixed mesic xerollic durargids 
Range Site - loamy 10-13'' P.Z. ARTRW/AGSP 


Horizon Depth Texture % Clay % Rock Fragments Structure 

Al O- 8! Loam 20% 5% fine gravels 2 mpl + 2m sbk 
B2t 8-2 3'! Gravelly clay loam 35% 15% gravels 1 fpr - 2m,f sbk 
Cicasi 225 0u Gravelly silty loam 25% 50% durinodes Massive 

C2casim 50-60"! Indurated duripan - Massive 


Organic Matter - >0.6 organic carbon ~ 1.0% organic matter (1.3% organic 
matter) 


Surface Rock - 5 to 10% fine alluvial gravels 
Depth to Restrictive Layer - 30'' duripan 
Permeability~- moderately slow 

Runoff - medium 

AWC - 4,56'' or medium 

Slope - Modal 3% slope 


Soil Erosion Equation 
F - soil factor 65 
R - cover 
S - gradient 3%.or (5/10) '* 3? = (0.20) 
L - slope length 
P 


ppt 0.25 inches/event 


190 


Table 8.8 (continued) 


<_< $$ eee 


Pasture 1 


Soil - Bedstead STX-SiCL clayey-skeletal, montic, mesic abruptic xerollic 
durargids 


Range Site - shallow-claypan 12-16'' P.Z. ARAR8/AGSP/FEID 


Horizon Depth Texture 4 Clay % Rock Fragments Structure 
Al oa Silty loam 21% 0% 2 Co pl > 2m sbk 


B2t 12-60" Silty clay loam 30% <5 


oo 


2 for - 3 Tasbk 


Organic Matter - 1.14 

Surface Rock - 20% stones, 20% cobbles, 5% gravels 

Depth to Restrictive Layer ~ 5" claypan (abrupt texture change) 25'' to duripan 
Permeability - slow to very slow 

Runoff - moderately rapid 

Infiltration - slower than loamy 10-13" P.Z. ARTRW/AGSP soils 

AWC - 2.58 low-moderate the break is at 2.5 

Slope - Modal 5% slope 


Soil Erosion Equation 
F - soil factor 79 
- cover 
- gradient 5% (0.39) 
- slope length 


mel get Ava ee) 


- ppt 0.25 inches/event 
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Table 8.8 (continued) 
Pasture 2 


Soil - Dacker SiL fine-loamy, mixed, mesic xerollic durargids 
Range Site - loamy 10-13'' P.Z. ARTRW/AGSP 


Horizon Depth Texture % Clay % Rock Fragments Structure 
Al O- 6" Loam 21% 5% gravels 2 Co pl + 2 sbk 
2% cobbles and stones 
B2t 6-21"! Clay loam 30% 10% gravels 3mf sbk 
Cicasi 21-61"! Very gravelly 45% gravels and Massive 
silty loam durinodes 


Organic Matter - 1, 3% 

Surface Rock - -15% gravels 

Depth to Restrictive Layer - 30!' duripan 
Permeability - moderately slow 

Runoff - medium 

AWC - medium 

Slope - Modal.3% slope 


Soil Erosion Equation 
P= soil factor 65 
R - cover 
S-= gradient 3% (0.20) 
L - slope length 
P - ppt 0.25 inches/event 
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Table 8.8 (continued) 


in dA a RT ES EGP ST SEED >IT STS ATED aSESe temperment reeernpee ee 
are OL IT TE TL I IL EIEIO IEEE TITRE TELE A 


Pasture 2 


Soil - Bedstead STX-SiCL clayey~skeletal, montic, mesic abruptic xerollic 


durargids 


Range Site - shallow-claypan 12-16'' P.Z. ARAR8/AGSP/FEID 





Horizon Depth Texture % Clay 
Al 0-77" Silty loam Zon 
B2t Pes Silty clay loam 32% 
Clcasi 25-308 Fine silty loam 25% 
C2casim 30-52" Indurated duripan 

Basalt 


Organic Matter - 1.1% 


% Rock Fragments 
10% fine gravels 
10% fine gravels 


45% fine gravels and 
durinodes 


surface Rock = 920% stones. 207 cobbles, 5% gravels 


Structure 


1 fpl > 2m,f sbk 
INCor pr: 


Massive 


Massive 


Depth to Restrictive Layer - 5" claypan (abrupt texture change) 25'' to duripan 


Permeability - slow to very slow 


Runoff - moderately rapid 


Infiltration - slower than loamy 10-13!'' P.Zz, ARTRW/AGSP soils 
AWC - 2.58 low-moderate, the break is at 2.5 


Slope - Modal 5% slope 


Soil Erosion Equation 
ES= sOll@factom 4 
R - cover 
S - gradient 5% (0.39) 
L - slope length 
P - ppt 0.25 inches/event 
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Table 8.8 (continued) 
om 
Pasture 4 


Soil - Dacker SiL fine-loamy, mixed, mesic xerollic durargids 


Range Site - loamy 10-13'' P.Z. ARTRW/AGSP 





Horizon Depth Texture % Clay % Rock Fragments Structure 
Al O=e5u Extremely stony 32% 10% gravels 3 Co pl 
silty clay loam 5% cobbles 
5% stones 
B2t 5-25"! Extremely stony — 45% 5% gravels 3 mf abk + sbk 
silty clay 15% cobbles ; 
35% stones 
Cicasim 25-26)! - Massive 
R 26 4 - - 


Organic Matter - 1. 3% 

Surface Rock - 5% fine alluvial gravels 
Depth to Restrictive Layer - 30'' duripan 
Permeability - moderately slow 

Runoff - slow 

AWC - medium 

Slope - Modal .3% slope 


Soil Erosion Equation 
PorusoOldutactor o5 

- cover 

- gradient 3% (0.20) 

slope length 


7 rN w 
| 


- ppt 0.25 inches/event 


Table 8.8 (continued) 
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ee are a eal aes aR aa 
a VC ne ember cme pemmmecmnen enemas rammed cemeteries tae rain 


Pasture 4 


Soil - Bedstead STC-SICL clayey-skeletal, montic, mesic abruptic xerollic 


durargids 


Range Site - shallow-claypan 12-16'' P.Z. ARAR8/AGSP/FEID 


Horizon Depth Texture 

Al eM Silty loam 

B2t 5=20!' Silty clay loam 
Cicasi 20-27 Silty loam 
@2ecasim 27-20) ame 

C3 28-65" Sands and gravels 


Organic Matter - 1.1% 


4 Clay 


22 
5 
20 


Ww 


oe 6 


oe 


% Rock Fragments 


10% fine gravels 


wi 


% fine gravels 


15% fine gravels and 
durinodes 


65% gravels 


Surface Rock - 20% stones, 20% cobbles, 5% gravels 


Structure 


1 fp! + 2m,f sbk 
3 mf sbk 


Massive 


Massive 


Massive 


Depth to Restrictive Layer - 5'' claypan (abrupt texture change) 25% to duripan 


Permeability - slow to very slow 


Runoff - moderately rapid 


Infiltration - slower than loamy 10-13" P.Z. ARTRW/AGSP soils 
AWC - 2.58 low moderate, the break is at 2.5 


Slope - Modal 5% slope 


Soil Erosion Equation 
fF = soll factor 79 
R - cover 
S - gradient 5% (0.39) 
L - slope length 
P - ppt 0.25 inches/event 


195 


Table 8.8 (continued) 
| 
——— 


Pasture 5 


Soil - Dacker SiL fine-loamy, mixed, mesic xerollic durargids 
Range Site - loamy 10-13'' P.Z. ARTRW/AGSP 


Horizon Depth Texture % Clay % Rock Fragments Structure 
Al OSU Extremely stony 32% 10% gravels g2\Corpil 
silty clay loam 5% cobbles 
5% stones 
B2t 5-25"! Extremely stony 45% 5% gravels 3 mf abk + sbk 
silty clay 15% cobbles 
35% stones 
Clcasim 25-26"! - - Massive 
R 26" + - - - 


Organic Matter - 1.3% 

Surface Rock - 7% fine alluvial gravels 
Depth to Restrictive Layer - 30"! duripan 
Permeability - moderately slow 

AWC - 4, 36'' medium 

Slope - Modal 3% slope 


Soil Erosion Equation 
F - soil factor 65 
- cover 
- gradient 3% (0.20) 
- slope length 


eA pare Sp sw] 


- ppt 0.25 inches/event 
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Table 8.8 (continued) 


a aan a et te 
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Pasture 5 


Soil - Bedstead STX-SiCL clayey-skeletal, montic, mesic abruptic xerollic 


durargids 


Range Site - shallow-claypan 12-16'' P.Z. ARAR8/AGSP/FEID 


Horizon Depth Texture % Clay % Rock Fragments 

Al O- 7'! Silty loam 23% 10% fine gravels 

B2t 7-25 Silty clay loam 30% 10% fine gravels 

Cicasi 25-30" Fine sandy loam 25% 35% fine gravels and 
duripans 

C2casim 30-52" = ! - 

Basalt 


Organic Matter - 1.1% 

Surface Rock - 20% stones, 20% cobbles, 5% gravels 

Depth to restrictive Layer - 5'' claypan (abrupt texture change) 
Permeability - slow to very slow 

Runoff - moderately rapid 

Infiltration - slower than loamy 10-13! P.Z. ARTRW/AGSP soils 
AWC - 2.58 low moderate, the break is at 2.5 

Slope - Modal 5% slope 


Soil Erosion Equation 
Fo= soll factors 7/9 
R = cover 
S - gradient 5% (0.39) 
L - slope length | 
P - ppt 0.25 inches/event 


Structure 


Tip le 2net ssbk 
leon pr 


Massive 


Massive 


25'' to duripan 
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Table 8.8 (continued) 


RT LE A A I DE RR A A RF RR RT CT SE 
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Pasture 6 


Soil - Arbridge SL fine-loamy, mixed, mesic xerollic durargids 
Range Site - loamy 10-13'' P.Z. ARTRW/AGSP 


Horizon Depth Texture % Clay % Rock Fragments Structure 
Al On Se Extremely stony 32% 10% gravels 3 Co pl 
silty clay loam 5% cobbles 
5% stones 
B2t 5<25"' ’ Extremely stony 45% 5% gravels 3 mf abk > sbk 
silty clay 15% cobbles 
35% stones 
Clcasim 25-26"! - - Massive 
R 26"' + - as = 


Organic Matter - 1. 3% 

Surface Rock - 7% fine alluvial gravels 
Depth to Restrictive Layer - 27'' duripan 
Permeability - moderately slow 

Runoff - medium 

AWC - medium 

Slope - Modal *3% slope 


Soil Erosion Equation 
F - soil factor 65 
R = cover 
S - gradient 3% (0.20) 
L - slope length 
P - ppt 0.25 inches/event 
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Table 8.8 (continued) 


Pasture 7 


Soil - Nevador fine-loamy, mixed, mesic durixerollic haplargids 


Range Site - loamy 10-13'' P.Z. ARTRW/AGSP 





Horizon Depth Texture Aaolay, % Rock Fragments Structure 

Al O- 5" Silty loam 23% 10% fine gravels AY fee omrensnr 

B2t 525 Silty clay loam 32% 10% fine gravels INGorpir 

Cicasi Faay— S10) Fine sandy loam 26% 45% fine gravels and Massive 
durinodes 

C2casim B0=520 Indurated duripan - Massive 

Basalt 


Organic Matter - 1, 3% 

Surface Rock - 15% fine alluvial gravels 
Depth to Restrictive Layer - 50'' duripan 
Permeability - slow 

Runoff - medium 

AWC - high 

Slope - Modal.7% slope 


Soil Erosion Equation 
Fo="sohletactor 4/5 
R - cover 

So- gradient 7/20 l0o2) 

L - slope length 

P - ppt 0.25 inches/event 
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Table 8.8 (continued) 





Pasture Miscellaneous 


Soi] - Lankbush SiL fine-loamy, mixed, mesic xerollic haplargids 
Range Site - loamy bottom 12-16'' P.Z. ARTRT/POA/CAREX 


Horizon Depth Texture * Clay % Rock Fragments Structure 
Al O=a5i Extremely stony 32% 10% gravels 3a Coup! 

silty clay loam 5% cobbles 

5% stones 

B2t Bae Extremely stony 45% 5% gravels 3 mf abk + sbk 

silty clay j 15% cobbles 

35% stones 

Cleasim 25-26"! - - Massive 
R 26"' + - - - 


Organic Matter - 1.8% 

Surface Rock - 0 

Depth to Restrictive Layer - none 

Permeability - moderately slow 

Runoff - slow 

Infiltration - higher than loamy 10-13'' P.Z. ARTRW/AGSP soils 
AWC - 8.4 very high 

Slope - Modal. 1% slope 


Soil Erosion Equation 
F - soil factor 55 
R = cover 
S - gradient 1% (0.04) 
L - slope length 
P - ppt 0.25 inches/event 
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Table 8.8 (continued) 








Pasture Miscellaneous 


Soil - Pedoli-like fine loamy, mixed, frigid xerollic hapargids 


Range Site - loamy upland 12-16'' P.Z. ARTRT/AGSP 


Horizon Depth = Texture % Clay % Rock Fragments Structure 

Al O- 5"! Silty loam 23% 12% gravel, trace cobbles 1 fpl + 2m,f sbk 

B2t Boos Silty clay loam Boe 10% fine gravels Compl 

Clcasi 25-30"! Silty loam 25% 35% fine gravels and Massive 
durinodes 

C2casim 30-52"! Indurated duripan - Massive 

Basalt 


Organic Matter - 1.6% 

Surface Rock - 5% gravels, 2% cobbles and stones 
Depth to Restrictive Layer - none 

Permeability - moderately slow 

Runoff - medium 


Infiltration - higher than loamy 10-13'' P.Z. ARTRW/AGSP but lower than loamy 
bottoms 


AWC - 5.83 high 


Slope - Modal 5% slope 


Soil Erosion Equation 

R= "Soltactonso2 

Res cover 
S - gradient 5% (0.39) 
L - slope length 
p 


ppt 0.25 inches/event 


Section 1. 


Section 2. 


Section 3. 


APPENDIX I1. SAGEGRASS SOF TWARE 


APPENDIX I1.1 SAGEGRASS USERS MANUAL 


File Management 
Source Code 
Binary Code 

Input Files 
Output Files 
Analysis Programs’ 


Program Execution 
Flow of Control 
Simulation 
Interactive Use 


Programming Techniques 
Documentation 
Internal Storage Methodology 
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11.1.1 File Management 


The SAGEGRASS model is a very large PASCAL computer program, requiring 
considerable computer storage space (PRU), and also conmunicates with many 
input and output files. 


Source Code. SAGEGRASS was coded using the computer language PASCAL 2.0, 
as implemented on CYBER 172 under NOS 1.4 at Colorado State University, 
because of the language's tremendous robustness and versatility. The code 
resides on several indirect access disc files named "SAGEA" -—- "SAGEK" 
(Appendix I1.2-11.12). 


Table I1.1 SAGEGRASS Code File Management 


Number of Compile Time 


File General Purpose Routines (CPU sec) 
1. SAGEA data structure na na 

2. SAGEB utility routines 17 12.44 

3. SAGEC output routines 32 41.30 

4. SAGED initialization routines 20 29.52 

5. SAGEE soil water submodel 10 13.20 

6. SAGEF soil temperature submodel 7 9.77 

7. SAGEG flora submodel 26 33.02 

8. SAGEH fauna submodel 34 36.30 

9. SAGE! management event routines 10 16.27 

10. SAGEJ reinitialization routines 16 vie Wad it | 
11.  SAGEK main simulation driver _4 13.70 

TOTAL 176 229.29** 


** Times are for compilation of entire named blocks and are approximate. 


These "divisions of labor" have greatly improved the ease of locating and 
accessing desired subroutines. The file SAGEA contains the data structure 
which is shared by the other routines. This data structure essentially 
defines the types of variables and operations defined over them within the 
model structure. This approach to structuring the source code is also very 
compatible with the addition (or deletion) of subroutines or interchange of 
submodels at a later date. 


Binary Code. During compilation, the compiler (a PASCAL program) reads 
in the SAGE source code and converts it to SAGE binary code. The binary code 
is essentially computer instructions generated by sequences of "0"!'s and 
"7"'s. Since SAGEGRASS is a large computer program, the time required for 
compilation is also large (Table I1.1). 


Therefore, the binary code of the SAGEGRASS model is saved, so that it is 
not necessary to recompile before each simulation. There are two approaches 
used in creating the binary code. The first #s to attach the data structure 
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to each source code file (as it is being compiled) and to save a binary code 
file counterpart of each source code file, except the data structure. These 
binary code files are generally named "BSAGEB" -— "BSAGEJ". BSAGEB — BSAGEI 
are then copied onto one direct access file, "BSAGE2" which takes up 
approximately 670 PRUs. The program which compiles submodels is listed in 
11.13. BSAGEJ becomes "BSAGE1" and is saved as an indirect access file. 

Thus, the major portion of the model (BSAGE2) can be run with different main 
drivers (BSAGE1). These additional drivers might include debugging routines or 
program execution timing routines. 


The other approach assumes the file BSAGE2 has been created previously. 
This approach generates the binary code for an individual routine, locates the 
old binary code in BSAGE2, and replaces the old code with the new. This 
approach is used when changes have only been made to one or two subroutines on 
a file and thus recompilation of the other subroutines on the file are 
unnecessary. However, there is a significant amount of overhead required, so 
that it is generally only used on files containing more than 12 subroutines. 
The program which compiles one subroutine at a time is listed in I1.14. 


Input Files. SAGE currently communicates with four input files (Appendix 
11.17-11.20), in addition to the system defined "Input" file which is not 
used. Each file contains specific types of information which may be required 
during a simulation run. Each file has a loose, but particular format which 
is dictated by the subroutine accessing it. Different sources of information 
may be used for different simulation runs by using different input files. 


Table I1.2 SAGEGRASS Input File Management 


File PASCAL Code Information Type PRU 

1. %INPUTA# WEATHER climatic driving records 440 
2. %INPUTB# PARAMTR parameter values 33 
3. INPUTC# INITIAL initial conditions 7.5* 
4. INPUTD# MANAGE management events 3 
TOTAL 483.5 





# indicates a sequential numbering system 
* Varies linearly with ERUs simulated. Value given is for one ERU. 


The size of these files can vary considerably. In this example, INPUTA# 
contains daily records for 11 years; INPUTB1 contains parameters for 6 soil 
types, 5 plant species and 5 animal species; INPUTC2 contains initial 
conditions for 2 ERU's; INPUTD1 contains events for controlled burning, 
spraying herbicides, grazing by livestock and hunting wildlife. 


Setting up the input files is the most error prone step in the entire 
simulation procedure. The best course of action is to put the desired input 
file on the computer exactly as it is in the appendix (11.13 - 11.15). Then, 
using a text editor, modifying this file to incorporate the desired changes. 
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If major changes are to be made such as making a run with no animals, it is 
best to examine the section of source code which reads the data to discover 
the appropriate changes. 


There are several common data errors. Setting up events and initial 
conditions will be the main sources of problems. In both cases as well as in 
defining spatially oriented parameters, special care must be taken that 
spatial units are defined correctly. Giving an ERU a name not found in the 
parameter file will mean that no plants or animals can be placed on that ERU. 
Similarly, when moving cattle between ERUs it is easy to move them to a 
non-existent ERU. When defining ERUs, note that the only allowed grid squares 
are. defined by R101W to R92W and T2N to T8S. These make up an arbitrary 10 by 
10 grid between which there is at present no animal movement except by user 
defined discrete events (see Section 3, main report). 


A conmon error is to make the 10 letter words used in the input files as 
names, as information, or as descriptors for legibility, either too long or 
too short. If too short the program may read data as part of the word, 
throwing succeeding operations off. If the word is too long, the program will 
read the first 10 letters, then try to read the rest of the letters as data. 


Another problem concerns the data itself. All PASCAL data must be 
surrounded by blanks or end of line or end of file markers. It can read 


1.0 200.7 5 


where the number of blank spaces is unlimited, but cannot read a FORTRAN type 
input file of the same data such as 


1020075 


In addition, all decimal points in the data must be surrounded by numbers so 
that 


1.0 0.02 


are legal but 
1. 02 


are not. Another common data error is to use a letter O instead of zero. 


Other data errors may not cause an overt crash of the simluation but may 
give rise to bizarre results. Thus, an event defined to occur on day 900 
instead of day 90 will never occur in a 365 day run. Plant biomass entered in 
kilograms per hectare instead of grams per square meter will be off by a 
factor of 10. 


Some errors are checked by the program. Events scheduled for 
nonexistent ERUs are cancelled by the program and an error message is written. 
Plants or animal species that do not have parameter sets will be cancelled 
when they are read in. Plants or animals may not be entered onto ERUs which 
their parameter set defines as illegal. A few other simple errors are checked 
for. 
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Output Files. SAGE currently communicates with fourteen output files, in 
addition to the system defined "OUTPUT" file. These output files are 
generated at the users option and contain results for driving variables, state 
variables, intermediate variables, and processes from the various submodels. 
Like the input files, the output files can vary considerably in size. In 
general, "Ouput" is used for output of debugging variable values. For 
example, when illegal data of certain types which the program checks for is 
read in, the program disposes of the illegal data and writes an error message 
to OUTPUT. 
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Table I1.3 SAGEGRASS Output File Management 











NOS Name PASCAL Code File Description 

1. A RESULTA soil water intermediate variables 

2. 8B RESULTB soil water variables and flows 

3. C RESULTC soil temp intermediate variables 

4. D RESULTD soil temp state variables and flows 

=i a RESULTE floral intermediate variables 

6. F RESULTF floral state variables 

7. G RESULTG floral flows 

8. H RESULTH floral debugging 

9. | RESULT | fauna intermediate variables 

10. J RESULT J fauna state variables and flows 

11. K RESULTK fauna habitat analysis (6 ERU | imit) 
K25 3 RESULTL driving variables 
13. M RESULTM reinitialization output of state variables 
14. N RESULTN reinitialization output of events 

15. OUT PUT computer communications, user error messages 





Analysis Programs. 


files and generate statistical 


Currently, the routines which interpret the output 
and graphical summaries exist as four 


stand-alone programs (I1.21-11.24). These programs are treated much the same 
as the source code for the SAGE simulation model. 


In order to make printer plots with these routines, they must be compiled 


with PASCAL3 which includes simple plotting routines which are line printer 


compatible. 
changing all 
into comments. 


which is what must be plotted. 


If PASCAL3 is not available, they may be converted to PASCAL by 
to # and all 


' and by turning all external PASCAL3 calls 


The routines may then be used to reformat simulation output, 
giving simple columns of numbers which may be plotted by a package such as 
VERSATEC, thus unscrambling the simulation output which has species within 
ERUs within days rather than 1 species on 1 ERU for the whole time period 
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Table 11.4 SAGEGRASS Analysis Programs File Management 





Number of Source Compile Binary 
File General Purpose Routines PRU CPU Time PRU 


1. Climate Results 

CLISTAT interprets output 8 34 12.928 na 
statistical routines 
graphical routines 
reformats output 


2. Soil Results 


a) ANALA1 interprets output 15 39 12.175 48 
b) ANALA2 statistical routines 10 32 10.401 37 
c) ANALA3 graphical routines 5 25 6.343 23 


3. Flora Results 

INTERP interprets output 10 55 (27.316 na 
statistical routines 
graphical routines 
reformats output 


4. Fauna Results 


a) ANALF1 interprets output 16 50 14.926 56 
b) ANALF2 statistical routines 11 37 11.864 42 
c) ANALF3 graphical routines 6 33 8.929 33 





These programs operate very similarly. Each communicates with two input 
files, in addition to "Input", and four output files, in addition to "Output". 
Each program operates on only selected output files from a simulation run. 


Each program has its own Job Control Language file and input file which 
defines which operations the program is to perform, and for which variables. 
The input files are largely user readable. After selecting ERUs and variables 
to be plotted, statistical analysis and data reformatting may be done at the 
same time if both are desired. If printer plots are possible and desired, the 
maximum and minimum values for each variable are located on the statistical 
results output and entered on the plotting input file. The program is then 
re-run with only the plotting option selected. 





Table I1.5 


SAGEGRASS Analysis 


Input-Output File Management 








File 


PASCAL Code 


Information Type 





1. Climate Results 


"input" 
M 
na 
STATS# 
PLOTS# 


2. Soil Results 


ANALAC# 
B 
D 
REFORM 
SUMSTAT 
PLOTS 


3. Flora Results 


"input" 
F 
G 
na 
PSTAT# 
PPLOT# 


4. Fauna Results 


a) ANALFC# 
b) J 

c) REFORM 
d) SUMSTAT 
e) PLOTS 


PLOTCONTROL 
INCL IMATE 


OUTSTATS 
OUT PLOTS 


INF ILE1 
INF ILE2 
INF ILE2 
OUTF ILE 
STATF ILE 
PLOTF ILE 


PLOTCONTROL 
INB IO 
INFLOW 


OUTSTATS 
OUT PLOTS 


INF ILE1 
INF ILE2 
OUTF ILE 
STATF ILE 
PLOTF ILE 


user control selections 
input file 

arrayed data 
statistical summary 
printer plots 


user control selections 

input file (soil moisture) 
input file (soil temperature) 
arrayed data 

statistical summary 

printer plots 


user control selections 

input file (flora state variables) 
input file (flora processes) 
arrayed data 

statistical summary 

printer plots 


user control selections 
input file 

arrayed data 
statistical summary 
printer plots 





# indicates a sequential numbering 


The size of the 
upon the user controls selected. 


input and output files 


is extremely variable depending 


Searching the simulation result files for 


data to be analyzed and/or plotted is very expensive compared to simulation 
runs. In addition, very long runs or many species will require a great deal 


of central processor memory for analysis. 
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11.1.2. Program Execution 


Flow of Control. Program control originates from the main driver. 
Control is passed sequentially to various program activities in response to 
user control selections. Figure I1.1 (and explanatory charts) illustrates the 
possible flow of control. 


To simplify the figure, an order of traversal of the tree is assumed. 
The order of binary traversal is Visit-Right-Left. By "visit" is meant 
"perform indicated activity". In this case, "right" means "progress 
horizontally" and "left" means to "progress vertically". Direction of control 
flow arrows override the VRL traversal procedure. 


As indicated in Figure I1.1, certain program activities are order 
dependent upon preceding activities. 


Simulation. All simulations follow the same general procedure, al though 
specific simulations may vary due to user control selections and the number of 
files actually being used. An example of the Job Control Language used to 
execute a simulation is listed in Appendix 11.15. 


The general simulation procedure follows these basic steps: 
1. Purge old result and error files 
2. Make input files local to the program 
3. Copy parameters and initial conditions to output 
4. Create new result files 
5- Get binary codes and library routines 
6. Run simulation binary code 
7. Eliminate empty result files 
8. Check job status and file status 
9. Send output to printer 
All but step 9 are automatic, and this step may be made automatic. 


If an error condition exists, the basic automatic recovery steps are: 

1. Eliminate empty result files 

2. Put end of file marks on existing result files 

3. Check job status and file status 

4. Check dayfile 

5- Create and save error file 

The user then must examine the error file at the terminal or by routing a 
copy to the line printer. PASCAL error messages state where in the source the 
error occurred and give values for all local variables. The most common error 
is improperly formatted input data. 


Execution time per simulation varies greatly, dependent upon several 
factors: 
1. Duration time of simulation 
2. Time steps used for each submodel 
3. Initial conditions 
ae number of ecological response units 
b. number of soil layers per ERU 
c.- number of herbaceous plant species per ERU 
d.- mumber of woody plant species per ERU 
€. mumber of fauna species per ERU 
f. mumber of cohorts per fauna species 
4. Output files selected to be printed 
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Currently, there have not been any execution time analyses performed. 
However, it is suspected that additional numbers of the initial condition 
factors do not result in a linear increase in execution times. Due to the use 
of data structures, it is thought that execution times probably increase 
logrithmically with additional initial condition factors. 


Flow of Control Diagram Key 


1 Control entry point to simulation program 

2 Main driver routine traces through ERU's and townships 
3 User interface for selecting user options 

4 Input from disk of parameter values for submodels 

5 Input from disk of initial conditions for submodels 

6 Input from disk of discrete time event descriptions 

7 Simulation decision and time clock 

8 Forecast routine updates climatic driving variables 


9 Input from magnetic tape of daily weather conditions (disk may be used) 


10 Event scheduler for management and development activities 
11 Event decision 
12 Series of possible events which can be activated 


13 Soil moisture submodel activation decision 

14 Soil moisture submodel traces through the soil layers 
15 Intermediate variable calculations 

16 Evaporation process 

17 =Infiltration process 

18 Percolation process 

19 Runoff process 

20 Transpiration decision 

21 Transpiration process 


22 Soil temperature submodel activation decision 

23 Soil temperature submodel traces through the soil layers 
24 Intermediate variable calculations 

25 Shortwave and longwave radiation process 

26 Vaporization process 

27 Conduction process 


28 Germination process decision 

29 Germination routine traces through all species and germinates if 
appropriate 

30 Flora submodel decision process 

31 Flora submodel 

32 Phenology process 

33 Series of distinct plant type submodels (aerseeaaae shrubby, litter) 

34 Photosynthesis process 

35 Respiration process 

36 Translocation process 

37 Death of plants parts process 


38 Tree submodel activation decision 

39 Tree submodel traces through tree species 
40 Site index calculation 

41 Growth process 


42 Fauna submodel activation decision 

43 Fauna submodel traces through fauna classes and species 
44 Individual metabolism process 

45 Individual consumption process 

46 Individual assimilation/ growth process 

47 Population births process 

48 Population aging process 

49 Population mortality process 


50 Submodel update selection 

51 Series of abiotic and floral submodel updating routines 
52 Flora cover computations 

53 Extinction process (after printing) 

54 Faunal population movement decision 

55 Habitat analysis routines driver 

56. Series of habitat characteristic ranking routines 

57 Faunal population dispersal process 

58 Faunal population colonization process 

59 Faunal submodel updating routines 


60 Aquatic submodel activation decision (stub only) 

61 Aquatic submodel traces through Aqua ERU's within a township (stub only) 
62 Output variables and flows selection 

63 Output of selected variables and flows 


Interactive Use. A kind of interactive usage of the model is possible 
through the use of the reinitialization procedure. This procedure writes out 
two files (Mand N) that contain the state of the model and of the event 
queue, respectively. The formats of these files are identical to the standard 
input files for initial conditions and events. The user can define a length 
of time for a run, examine the resulting files M and N, decide on event file 
changes reflecting management decisions, link up M and N as input for a new 
run, redefine how long to continue the simulation on file M, and rerun the 
model. There is some overhead involved due to printing the output files and 
reinitializing the simulation after each interruption. 


11.1.3 Programming Techniques 


Documentation. The program has been designed to be largely sel f- 
documenting. Most variable names have obvious meanings. Additional 
information on many of the variables can be found in Table 3.2 of the main 
section of this report, where units and definitions are given and the section 
of text where the variable is first used or described is cited. 


The most important part of the documentation is the data structure itself 
which defines the types of all variables and shows whether they are 
parameters, state variables, pointers, etc. Additional local variables are 
defined within subroutines. These are either given obvious names or they are 
just temporary storage variables. 
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All subroutines begin with a brief description of their purpose. There 
are some additional comments scattered within the code. 


The input data is designed to be user readable and is thus largely 
sel f—documenting. 


Internal Storage Methodology. In a modelling effort of this magnitude, 


computer storage requirements can easily become limiting. Minimizing storage 
requirements is thus a major consideration. Taking the plant submodel as our 
example this involves variant records, dynamic allocation and disposal of 
flows and many of the intermediate variables, and a special scheme for storing 
parameters. 


Variant records are analogous to a variable dimension array in a FORTRAN 
subroutine. In this case, the record contains only as many variables as are 
required by the type of species being modelled. This enables a standard 
record type to serve for all species without extraneous data storage. A major 
difference from FORTRAN is that various types (integer, Boolean, real, etc) 
may all be combined within the same record. 


Dynamic allocation is used for flows and some of the intermediate 
variables. Storage space is created for them at the beginning and destroyed 
at the end of the timestep for plants. Because each spatial unit is updated 
in sequence, storage is only required for intermediate variables and flows 
within a single spatial unit at a time. 


Storage for parameters is largely independent of spatial units for plant 
and animal species. Parameters for all species to be modelled are entered as 
data. When a plant is created during execution or entered as data, it is 
linked to the appropriate parameter set by a pointer. Thus the storage 
requirements for parameters depend only on the number of species over the 
whole area to be modelled. The same species in different spatial units use 
the same parameter sets. Exceptions to this are that one record is required 
for each ERU for each species of plant and animal to define the habitats 
within which it may occur, and that animal diets must be specified for each 
ERU. 
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